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El neutrino es la partícula masiva más 
abundante en el universo (~340 cm-3).
Sin embargo, es la que peor conocemos.
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Sabemos que los neutrinos tienen masa… 
Pero ¿cuál es su escala absoluta y cómo se 
ordenan? ¿Por qué son tan ligeros? ¿Cuál es el 
origen y naturaleza de sus masas?
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Sabemos que los neutrinos oscilan… 
Pero ¿violan la simetría carga-paridad (CP)? 
¿Existen más de tres estados masivos?
¿Cuál es el origen de la mezcla de neutrinos?
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Ninguna técnica experimental por sí sola puede 
responder todas las preguntas. 
Las oscilaciones revelan cómo se mezclan los 
neutrinos, pero no nos dicen nada sobre la 
naturaleza de sus masas. 
La desintegración doble beta nos permite 
determinar su naturaleza, pero no si violan CP.



Además… 
Los neutrinos podrían ser un portal a una nueva 
escala física o explicar la asimetría cósmica 
entre materia y antimateria.
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Neutrinos in the Standard Model

Le
ft

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

Le
ft

R
ig
ht

Le
ft

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

R
ig
htu

up

2.4 MeV

⅔ c
charm

1.27 GeV

⅔ t
top

171.2 GeV 

⅔

d
down

4.8 MeV

-⅓ s
strange

104 MeV

-⅓ b
bottom

4.2 GeV

-⅓

νe
electron
neutrino

0 eV

0 νμ
muon

neutrino

0 eV

0 ντ
tau

neutrino

0 eV 

0

e
electron

0.511 MeV

-1 μ
muon

105.7 MeV

-1 τ
tau

1.777 GeV

-1

g
gluon

0 

0

γ
photon

0

0

Z
091.2 GeV

0

weak
force

W
±80.4 GeV

± 1

weak
force

mass→

charge→

Q
ua

rk
s

Le
pt

on
s

Three Generations 
of Matter (Fermions) spin ½

B
os

on
s 

(F
or

ce
s)

 s
pi

n 
1

I II III

name→

H
>114 GeV 

0

0
Higgs
boson

spin 0

Figure 1: Particle content of the SM and its minimal extension in neutrino sector. In the SM

(left) the right-handed partners of neutrinos are absent. In the ⌫MSM (right) all fermions

have both left and right-handed components.

Y can vary from 10�13 (Dirac neutrino case) to ⇠ ⇡ (the onset of the strong coupling). The

admitted region is sketched in Fig. 2.

Independently on their mass, the new Majorana leptons can explain oscillations of active

neutrinos. So, an extra input is needed to fix their mass range. It can be provided by the

LHC experiments.

Suppose that the resonance found at the LHC by Atlas and CMS in the region 125� 126

GeV is indeed the Higgs boson of the Standard Model. This number is remarkably close to

the lower limit on the Higgs mass coming from the requirement of the absolute stability of

the electroweak vacuum and from Higgs inflation, and to prediction of the Higgs mass from

asymptotic safety of the Standard Model (see detailed discussion in [1] and in a proposal

submitted to European High Energy Strategy Group by Bezrukov et al. [2]). The existence

of the Higgs boson with this particular mass tells that the Standard Model vacuum is stable

or metastable with the life-time exceeding that of the Universe. The SM in this case is a

valid e↵ective field theory up to the Planck scale, and no new physics is required above the

Fermi scale from this point of view. Suppose also that the LHC finds no new particle and no

deviations from the Standard Model. In this case the “naturalness paradigm”, leading the

theoretical research over the last few decades will be much less attractive, as the proposals for

new physics stabilizing the electroweak scale by existence of new particles in the TeV region

and based on low energy supersymmetry, technicolor or large extra dimensions would require

severe fine-tunings.

The solution of the hierarchy problem does not require in fact the presence of new particles

or new physics above the Fermi scale. Moreover, the absence of new particles between the

electroweak and Planck scales, supplemented by extra symmetries (such as the scale invari-

ance) may itself be used as an instrument towards a solution of the problem of stability of

2

Fermion masses arise from the couplings of 
their left-handed and right-handed fields to 
the Higgs field.

The Standard Model does not contain right-
handed neutrino fields, as they’d be sterile 
(i.e. with no SM gauge interactions).

Therefore, neutrinos are left massless in the 
Standard Model.
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LA NATURALEZA DE LA MASA DE LOS NEUTRINOS 11

1.2. THE ORIGIN OF NEUTRINO MASSES 9
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Figure �.�. �e e�ect of Dirac and Majorana mass terms: Both types of mass terms
turn chiral states into their opposite (the charge conjugate of a �eld with a given
chirality always has the opposite chirality). In addition, Majorana mass terms convert
particles into their antiparticles.

violating the SM total lepton number L ≡ Le + Lµ + Lτ by two units (�∆L� = �).
Such mass terms are therefore forbidden for all electrically charged fermions
because of charge conservation.

�.�.� �e see-saw mechanism

We have seen above that in order to generate a Dirac mass for the neutrino
as we do for the other fermions, we are forced to introduce in our theory the
sterile neutrino �eld νR. Notice that once this �eld exists, there is no strong
reason in the SM to prevent the occurrence of a Majorana mass term like that
in Eq. (�.��): such a term violates neither the conservation of weak isospin
nor that of electric charge. Consequently, if nature contains a Dirac neutrino
mass term, then it is very likely that it will also contain a Majorana mass term,
and, of course, if no Dirac neutrino mass term exists, then, certainly, the only
source of neutrino mass would be a Majorana mass term.

�erefore, the most general neutrino mass term allowed in the framework
of the SM with the minimal addition of the positive-chirality �eld νR is the
following:

L
D+M
mass = L

D
mass +L

M ,R
mass . (�.��)

In contrast, the Majorana mass term in Eq. (�.��) is not allowed by the sym-
metries of the SM, but it could be generated by new physics. In order to
understand the implications of the combined Dirac-Majorana mass term in

Neutrinos de Dirac

−ℒD = m νL νR + h . c .
m = y υ/ 2

‣ Requiere neutrinos dextrógiros estériles.  

‣ El número leptónico se conserva. 

‣ El acoplamiento de Yukawa del neutrino 
es muy pequeño (~10-12).

Neutrinos de Majorana

−ℒM = m νL νc
L + h . c .

m = z υ2/Λ

‣ Neutrinos y antineutrinos idénticos. 

‣ Sector de Higgs extendido.  

‣ La escala Λ suprime la masa del 
neutrino.
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RECETA PARA UN EXPERIMENTO DE DESINTEGRACIÓN DOBLE BETA 12

1. Adquiere una gran masa de un isótopo (M) emisor doble 
beta y un calorímetro con resolución y eficiencia perfectas. 

2. Mide la energía de la radiación emitida por la fuente para 
distinguir los dos modos de desintegración doble beta. 

3. Cuenta el número de desintegraciones sin neutrinos 
ocurridas (N) en un tiempo (t) dado y calcula la semivida 
correspondiente (T1/2).

   0    0.2 0.4 0.6 0.8 1.0

   

   

   

   

   

   

   

   

   

   

   

(E1+E2)/Q

2νββ

0νββ

T1/2 = log 2
NA

W
M t
N

PoS(ICHEP2022)614

Final results from GERDA: a neutrinoless double beta decay search

4. Background suppression

The unique feature in Phase II of GERDA is the LAr veto system that allows to reject events in
which energy is deposited in the LAr volume surrounding the germanium detectors. If any of the
photosensors detect a signal of at least one photoelectron within about 6𝐿s of the germanium detector
trigger, the event is classified as background. Additionally, the pulse shape of the germanium
detector signals is used to discriminate background events. In addition to 𝑀-induced multiple-site
events (MSEs), events due to 𝑁 or 𝑂 decays on the detector surface can also be identified. An
additional cut is applied to all detectors to remove events with slow or incomplete charge collection
[9]. The combined signal e!ciency of pulse shape discrimination are reported in Table I of [10]
for each detector type, before and after the upgrade.

GERDA Phase II data were collected between December 2015 and November 2019. The total
exposure is 103.7 kg yr (58.9 kg yr already published in [9] and 44.8 kg yr of data from Phase II).
Fig. 1 shows the energy distribution of all events before and after applying the analysis cuts. At
low energy, the counting rate is mostly accounted for by the 2𝑃𝑂𝑂 decay of 76Ge with a half-life of
𝑄2𝐿𝑀𝑀

1/2 = (1.926 ± 0.094) · 1021yr [11].
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Figure 1: Energy distribution of GERDA Phase II events between 1.0 and 5.3 MeV before and after analysis
cuts; the exposure is 103.7 kg yr. The expected distribution of 2𝑃𝑂𝑂 decay events is shown assuming the
half-life measured by GERDA [11]. The prominent 𝑀-lines and the 𝑁 population around 5.2 MeV are also
labeled.

5. Analysis

The energy range considered for the 0𝑃𝑂𝑂 decay analysis goes from 1930 to 2190 keV, with
the exclusion of the intervals (2104 ± 5) and (2119 ± 5) keV that contain two known background
peaks (Fig. 2). No other 𝑀-line or structure is expected in this analysis window according to the
background model [12]. After unblinding, 13 events are found in this analysis window after all cuts.

The energy distribution of the events in the analysis window is fitted to search for a signal due
to 0𝑃𝑂𝑂 decay. The fit model includes a Gaussian distribution for the signal, centered at 𝑅𝑀𝑀 with

3

GERDA Collaboration, Phys. Rev. Lett. 125 (2020) 25, 252502
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FIG. 21 Sensitive background and exposure for recent and future experiments. The grey dashed lines indicate specific discovery
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FIG. 22 Artistic illustration of a high-purity Ge (HPGe) de-
tector and its 0⌫��-decay detection concept. Electron and
hole clusters created by ionization are collected to the elec-
trodes by an electric field. Image courtesy of Laura Manenti.

tor consists of a single crystal grown by the Czochralski
method (Depuydt et al., 2006) from Ge-material enriched
up to 92% in 76Ge. The detectors used by recent and
future experiments are all p-type crystals, with two con-
ductive electrodes obtained through B implantation (p+
electrode) and Li di↵usion (n+ electrode). The semicon-
ductor junction forms between the n+ electrode and the

p-type crystal, and is extended throughout the whole de-
tector volume by applying a reverse bias of a few thou-
sands volts. Electrons and holes produced within the
crystal by ionization drift along the electric field, induc-
ing a current. The current integral is proportional to
the energy deposited within the detector, and its time-
structure carries information on the event topology. The
detector size is currently limited to 1-3 kg, and multiple
detectors need to be operated simultaneously to reach
a competitive amount of isotope mass. These detectors
are operated in ultra-low background environments, sur-
rounded by shielding material and active veto systems.

HPGe detectors feature high 0⌫��-decay detection ef-
ficiencies. The presence of conductive electrodes on the
detector surface reduces the active volume fraction to
"act ⇠ 90% and leads to energy loss for a fraction of the
0⌫��-decay events ("cont ⇠ 90%). The 0⌫��-decay event
tagging e�ciency, "mva ⇠ 80 � 90%, is typically limited
by signal-background discrimination methods based on
the analysis of the current time-structure. Given the low
background level and high resolution, the optimal en-
ergy region of interest (ROI) for 0⌫��-decay searches is
Q�� ± 2�, containing 95% of the signal. Specific param-
eter values of 76Ge experiments are listed in Tab. V.

The GERDA experiment operated a compact array
of about 40 detectors in a cryostat containing 64m3

of liquid argon (LAr) (Agostini et al., 2018b). Sev-
eral detector geometries were used during the experi-

Rev. Mod. Phys. 95 (2023) 2, 025002
4

0
5
10
15
20
25
30
35
40
45 2 χ 

∆

0 10 20
-1 Rate (ton yr)ββν0

15
20
25
30
35
40
45
50
55

-1
Lo

ng
-li

ve
d 

Ra
te

 (t
on

 y
r)

MC-based
Prediction

σ1
90%

95%
99%

FIG. 3: Allowed region for the 136Xe 0ωεε rate and the long-
lived spallation background rate in the energy region 2.35 <
E < 2.70MeV (0ωεε window). The red dot and contour lines
correspond, respectively, to the best-fit and the 1ϑ, 90%, 95%,
99% C.L. intervals for two degrees of freedom. The horizontal
line indicates the MC-based prediction.

2097 kg yr of 136Xe, more than double the amount of the
previous search [3]. The 0ωεε decay rate is estimated
from a simultaneous likelihood fit to the binned energy
spectra of SD and LD between 0.5 and 4.8MeV. The
binned energy spectra are made by dividing the 2.5-m-
radius fiducial volume into 40 equal-volume bins (illus-
trated in Fig. 1), considering the time variation of event
rates. The contributions from major backgrounds in the
Xe-LS, such as 85Kr, 40K, 210Bi, the 228Th-208Pb sub-
chain of the 232Th series, and long-lived spallation prod-
ucts, are free parameters and are left unconstrained in the
spectral fit. The contributions from the 222Rn-210Pb sub-
chain of the 238U series and short-lived spallation prod-
ucts are constrained by their independent measurements.
The parameters of the detector energy response model
are constrained by 214Bi data. The energy spectral dis-
tortion parameter (a linear rescaling) for the long-lived
spallation products is constrained by its estimated un-
certainty (Fig. 10 in Ref. [26]).

Figure 2 shows the energy spectra of selected candi-
date SD and LD events within a 1.57-m-radius spherical
volume together with the best-fit curves. The exposure
of 136Xe for SD in this reduced volume is 1.13 ton yr. The
best-fit background contributions are summarized in Ta-
ble I. The 0ωεε signal best-fit is 0 events, indicating no
event excess over the background expectation. We ob-
tain a 90% confidence level (C.L.) upper limit on the
number of 0ωεε decays of < 10.0 events (< 8.0 events in
the range 2.35 < E < 2.70MeV), which corresponds to
a limit of < 8.9 (ton yr)→1 in units of 136Xe exposure, or
T 0ωεε
1/2 > 3.4 → 1026 yr (90% C.L.). An analysis based

on the Feldman-Cousins procedure [29] gives a slightly
stronger limit of 4.3 → 1026 yr (90% C.L.), indicating a
limited impact of the physical boundary on the 0ωεε
rate at low statistics. An MC simulation of an ensemble
of experiments assuming the best-fit background spec-
trum rwithout a 0ωεε signal indicates a median sensi-

1 10 210

(b) IO

1 10 210
0

50

100

150

 (m
eV

)
〉 

β
β

m〈
Ef

fe
ct

iv
e 

M
aj

or
an

a 
m

as
s 

Shell Model
QRPA
EDF
IBM

(a) NO

0

50

100

150

Xe

Ge
Te

(A) (B) (C)

(c)

 (meV)lightestm

FIG. 4: E!ective Majorana neutrino mass →mωω↑ as a func-
tion of the lightest neutrino mass mlightest. The dark shaded
regions are predictions based on best-fit values of neutrino
oscillation parameters for (a) the normal ordering (NO) and
(b) the inverted ordering (IO), and the light shaded regions
indicate the 3ϑ ranges calculated from oscillation parameter
uncertainties [30, 31]. The horizontal lines indicate 90% C.L.
upper limits on →mωω↑ with 136Xe from KamLAND-Zen (this
work), considering an improved phase space factor calcula-
tion [32, 33] and phenomenological NME calculations: shell
model [34–37] (dot-dashed lines), quasiparticle randomphase
approximation (QRPA) [38–42](dotted lines), energy-density
functional (EDF) theory [43–45] (solid lines), interacting bo-
son model (IBM) [46, 47] (dashed lines). (c) The correspond-
ing limits for 136Xe, 76Ge [48], and 130Te [49]. Three theoreti-
cal predictions in the IO region are also shown: (A)[4], (B)[5],
(C)[6].

tivity of 2.3 → 1026 yr. The probability of obtaining a
limit stronger than that reported here is 24%. In addi-
tion to the frequentist analyses above, we also performed
a statistical analysis within the Bayesian framework, as-
suming a flat prior for 1/T 0ωεε

1/2 . The Bayesian limit and

median sensitivity are 3.4→1026 yr and 2.4→1026 yr (90%
C.L.), respectively.

Figure 3 shows the allowed region of the 136Xe 0ωεε
rate and the long-lived spallation background rate from a
combined fit of the KamLAND-Zen 400 and 800 datasets,
giving a limit of

T 0ωεε
1/2 > 3.8→ 1026 yr (90% C.L.). (1)

The best-fit long-lived spallation background rate is
30.2± 4.5 (ton yr)→1indicating good consistency between
the MC-based prediction and the LD analysis. This com-
bined analysis has a sensitivity of 2.6 → 1026 yr, and the
probability of obtaining a stronger limit is 29%. The
lower limit on T 0ωεε

1/2 can be converted to an upper limit

arXiv:2406.11438

▪︎ KamLAND-Zen (136Xe): T1/2 > 3.8×1026 años  (90% CL) → mββ < 28–122 meV 

▪︎ GERDA (76Ge): T1/2 > 1.8 ×1026 años (90% CL) → mββ < 79−180 meV

(T0ν
1/2)−1 = G0ν M0ν

2

(
mββ

me )
2

mββ = ∑
i

|U2
e i | mi
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Búsqueda de la desintegración 0νββ del 136Xe con cámaras de proyección temporal (TPC) de gas xenón a presión. 

‣ Amplificación mediante electroluminiscencia (EL). 

‣ Señales ópticas detectadas con tubos fotomultiplicadores (PMT) y fotomultiplicadores de silicio (SiPM). 

‣ Excelente resolución energética: <1% FWHM a la energía de la desintegración (~2.5 MeV). 

‣ Reconstrucción de trazas para la identificación de señal (dos electrones) y ruido (un electrón).
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Prototipos 
(2010–2014) 

Demonstradores tecnológicos

NEXT-White 
(2015–2021) 

Verificación del modelo de 
fondo y medida del 2νββ

NEXT-HD/BOLD 
(2032–20…) 

Búsqueda del 0νββ (1028 años)

NEXT-100 
(2024–2031) 

Búsqueda del 0νββ (1026 años) 
y demostración tecnológica

1 kg 5 kg 100 kg 1000 kg



▪︎ Resolución energética (medida a diferentes energías) extrapolable a <1% FWHM a 2.5 MeV. 

▪︎ Reconstrucción de trazas eficaz para distinguir eventos con 1 o 2 electrones.
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Figure 5. Fits to the dependence of energy on track length in the axial dimension (left), and
the resulting energy spectra of three energy peaks (nominally at 662 keV, 1592 keV, and 2615 keV)
after application of all corrections, including a linear correction to the energy (equation (3.1))
corresponding to the average value of (m/b) = 2.76× 10−4 obtained from the 3 fits (right).
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▪︎ Medida de la semivida de la desintegración 2νββ del 136Xe en NEXT-White usando dos métodos de 
análisis diferentes:

‣ Sustracción de los espectros medidos con xenón enriquecido y con xenón empobrecido en 136Xe. 
‣ Ajuste de los datos al modelo de fondo del experimento.
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FIG. 4. Fiducial event rate along the low-background data taking periods. Green dots (blue triangles) show the daily rates
corresponding to the 136Xe-enriched (136Xe-depleted) campaign. The horizontal red lines present fits to the data with 0-degree
polynomials, yielding p-values of 24% and 15% for Run-V and Run-VI, respectively.

2⌫�� contribution in the Run-VI data is taken into ac-
count. The subtraction systematic uncertainty is in-
troduced in the fit as a covariance matrix. The signal
normalization uncertainty is decomposed into the un-
correlated (isotopic composition) and correlated (num-
ber of xenon atoms and trigger e�ciency) contributions
between Run-V and Run-VI. Being energy-independent,
these errors are introduced in the fit as three nuisance pa-
rameters with Gaussian priors. With a �2/dof of 16.1/21
(p-value=76%), the fit yields a best-fit value for the
rate of 2⌫�� events of R(136Xe)=291±73(stat)±28(sys)
yr�1. The best-fit rate corresponds to a 2⌫�� half-life of
T 2⌫
1/2 = 2.34+0.80

�0.46(stat)
+0.30
�0.17(sys)⇥ 1021 yr. The rejection

of the null hypothesis reaches 3.8�, while the expected
median sensitivity is 4.1� according to the half-life re-
ported in Ref. [6]. The background-subtracted 2⌫��
event energy spectrum is presented in Fig. 5. This result
is compatible with the two previous measurements in Ref.
[6] (T 2⌫

1/2 = 2.165±0.0016(stat)±0.059(sys)⇥1021 yr) and

Ref. [7] (T 2⌫
1/2 = 2.23± 0.03(stat)± 0.07(sys)⇥ 1021 yr).

In an alternative analysis, a consistent T 2⌫
1/2 value is also

obtained by considering the background-subtracted blob
energy distribution instead of the event energy, as sum-
marized in the Appendix A.

A background-model-dependent fit of the event energy
has been performed in order to validate the background-
subtraction result. In this fit, the ��-candidates se-
lected in Run-V and Run-VI are jointly fitted to the
radiogenic background model. Apart from the rate of
2⌫�� events, the contributions from 40K, 60Co, 208Tl,
and 214Bi background events are also extracted. The
data superimposed to the best-fit MC are shown in
Fig. 6. The best-fit background rates are R(40K)=10±2
µHz, R(60Co)=14±2 µHz, R(208Tl)=40±2 µHz, and
R(214Bi)=6±3 µHz. The 2⌫�� best-fit rate is
R(136Xe)=334±78(stat)±54(sys) yr�1, corresponding to
a half-life of T 2⌫

1/2 = 2.14+0.65
�0.38(stat)

+0.46
�0.26(sys) ⇥ 1021 yr

FIG. 5. Background-subtraction 2⌫�� fit. The background-
subtracted data (black dots) are superimposed to the best-fit
MC (yellow histogram). The error bars correspond to the
statistical errors in Run-V and Run-VI.

(4.1� significance). The goodness of fit, �2/dof =
146.1/114 (p-value = 2.3%), reveals some limitations in
the simulation. However, the small di↵erence in the best-
fit T 2⌫

1/2 with respect to the background-subtraction fit
indicates that no significant bias is induced.

VI. CONCLUSIONS

In summary, the operation of the NEXT-White detec-
tor with 136Xe-enriched and 136Xe-depleted xenon gas
has enabled the measurement of the 2⌫�� half-life of
136Xe, using a fiducial mass of only ⇡3.5 kg. The anal-
ysis relies on two unique capabilities of the NEXT tech-
nology, namely, the topological signature of the events
and the direct subtraction of backgrounds. This back-
ground subtraction technique, novel in the field, o↵ers re-

T1/2 = 2.34+0.80
−0.46 (stat) +0.30
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FIG. 6. Background-model-dependent 2⌫�� fit. ��-like event
rates in Run-V (top) and Run-VI (bottom) are superimposed
to the best-fit MC, accounting for 40K, 60Co, 208Tl and 214Bi
background contributions.

sults with very small dependence on the Monte Carlo as-
sumptions. A similar approach may be exploited to con-
duct background-model-independent 0⌫�� searches in
current- and future-generation detectors, such as xenon
time projection chambers or loaded liquid scintillator de-
tectors.
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Appendix A: Blob energy fit

This appendix describes the methods and results of
the alternative 2⌫�� analysis where the background-
subtracted distribution of the energy of the less ener-
getic blob in the track (blob energy, in the following)
is fitted instead of the event energy. The event recon-
struction is the same as for our main analysis, while the
selection of Eevt > 1 MeV events di↵ers in two ways.
First, the blob energy cut Eb > Eb,min is not applied.
This provides a larger statistical sample with respect
to the �� selection, but less signal-enriched. Second,
events in the 208Tl double escape peak (1.550 < Eevt

< 1.615 MeV) are rejected, in order to suppress the ir-
reducible double-electron background from gamma-ray
pair production interactions. Prior to their subtraction
and fitting, 136Xe-enriched (Run-V) and 136Xe-depleted
(Run-VI) rates are corrected for di↵erences in DAQ live
time, gas density and selection e�ciencies. The first two
corrections (DAQ live time and gas density) are identi-
cal to the ones applied to our main analysis, with un-
certainties listed in Table I. Because of the two above-
mentioned di↵erences in event selection, the associated
corrections are also di↵erent, with 0.3% (0.4%) uncer-
tainties for Run-V (Run-VI), uncorrelated between the
two runs. Overall, the rate normalization systematic
uncertainty a↵ecting the background-subtracted rate is
0.9%. A calibration procedure is also applied to equalize
the blob energy scale for Run-V, Run-VI and MC sim-
ulated events, separately for single-electron and double-
electron events, using 208Tl calibration data. Four uncor-
related blob energy scale systematic uncertainties are as-
signed, for Run-V single-electron (0.5%), Run-V double-
electron (2.1%), Run-VI single-electron (0.4%), and Run-
VI double-electron (2.1%) events, respectively.
The top panel in Fig. 7 compares the Run-V and Run-

VI rates as a function of blob energy, after applying the
small corrections and calibrations mentioned above. In
both datasets, the rates are dominated by single-electron
background events with Eb ⇡100 keV. The secondary
bumps at 300–550 keV are due to double-electron back-
ground events (Run-V and Run-VI) and to the 2⌫�� sig-
nal (Run-V only). The bottom panel in Fig. 7 shows
the background-subtracted (Run-V minus Run-VI) rate,
superimposed with the best-fit MC prediction. Together
with the 2⌫�� rate parameter, the fit incorporates five
additional nuisance parameters a↵ecting the MC predic-
tions. The nuisance parameters account for the rate nor-
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▪︎ Búsqueda de la desintegración 0νββ del 136Xe en NEXT-White.


‣ Dada la baja exposición, el resultado no es competitivo con los mejores límites actuales, pero demuestra 
las capacidades de búsqueda de la tecnología.
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Figure 16. Background-subtracted ββ fit. Left: background-subtracted data superimposed to
the ββ expectation according to the T 2ν

1/2 reported in [38]. The normalization and background-
subtraction systematics are shown with red and green bands, respectively. Right: background-
subtracted data superimposed to the post-fit 2νββ distribution and the 0νββ signal corresponding
to the obtained upper limit rate at 90% C.L. The vertical dashed lines define a 100 keV region
around Qββ (∼ ±2×FWHM).

in the fit as three nuisance parameters, with a null prior constrained by the corresponding
uncertainties quoted in table 2.

The pre-fit distributions (left) and the fit outcome (right) are shown in figure 16. The
fit yields a χ2/dof of 30.2/30 (p-value=46%). The best-fit value for the 0νββ rate is pushed
to the physical limit of zero. Marginalizing with respect to all other parameters in the fit,
a lower limit for the corresponding half-life of T 0ν

1/2 > 1.3×1024 yr at 90% C.L. is obtained.
The expected median sensitivity at the same C.L. is T 0ν

1/2 > 2.9 × 1023 yr, significantly
below the inferred one. This discrepancy arises from the negative rate observed in the
energy region around Qββ , which deviates from zero (null signal) in ∼2.1σ. According to
MC studies, the probability of obtaining a result that is at least as incompatible with a null
signal as the obtained one is 0.5%. Using the same phase space factor and nuclear matrix
element assumptions as in section 5.1, the obtained half-life lower value translates into an
upper limit for the Majorana neutrino mass of ⟨mββ⟩<0.48–2.07 eV. The fit also yields a
best-fit value for the rate of 2νββ events which corresponds, as expected, to a 2νββ half-
life fully consistent with the one reported in [19] using the same background-subtraction
analysis methodology.

As the obtained 0νββ result is driven by the negative rate observed in the ROI, the
reliability of the background-subtraction technique has been cross-checked by analyzing in
detail the energy region above 2.0MeV, where the 2νββ events are negligible. Regardless of
the chosen energy ranges and binning, the background-subtracted rates in energy windows
below and above the ROI are found to be consistent with zero. In particular, rates of 5±12
yr−1 and 2.6±5.0 yr−1 are obtained for the 2.1 < E < 2.4MeV and 2.5 < E < 2.8MeV

– 26 –

J
H
E
P
0
9
(
2
0
2
3
)
1
9
0

2200 2300 2400 2500 2600 2700
Energy (keV)

0

2

4

6

8

10

12

C
o

u
n

ts Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Data MC

Bi214 Tl
208

ν2ββ n-BG

 U.L.ν0ββ

Obs: 0 events

0.7 events±Exp: 2.4

2200 2300 2400 2500 2600 2700
Energy (keV)

0

2

4

6

8

10

12

C
o

u
n

ts

Data MC

Bi214 Tl
208

ν2ββ n-BG

Data MC

Bi214 Tl
208

ν2ββ n-BG

Data MC

Bi214 Tl
208

ν2ββ n-BG

Data MC

Bi214 Tl
208

ν2ββ n-BG

Data MC

Bi214 Tl
208

ν2ββ n-BG

Data MC

Bi214 Tl
208

ν2ββ n-BG

Data MC

Bi214 Tl
208

ν2ββ n-BG

Data MC

Bi214 Tl
208

ν2ββ n-BG

Data MC

Bi214 Tl
208

ν2ββ n-BG

Obs: 4 events

0.5 events±Exp: 1.9

Figure 15. Energy spectra around the Qββ of 136Xe according to the background-model fit pre-
sented in the text. Run-V (left) and Run-VI (right) data are superimposed to the best-fit back-
ground expectations and the 0νββ signal corresponding to the obtained upper limit rate at 90%
C.L. The vertical dashed lines define a 100 keV region around Qββ . The number of observed and
expected events within this ROI is also displayed.

events. For this best-fit expectation, the probability to observe 0 events is 11.4%. Owing
to the different exposure, the background expectations in Run-VI for 208Tl, cosmogenic
and 214Bi events are 1.0 ± 0.2, 0.8 ± 0.5 and 0.1 ± 0.1, respectively, for a total of 1.9
± 0.5 background events. The corresponding probability to observe 4 or more events is
13.8%. In the absence of a 0νββ signal, a lower limit on T 0ν

1/2 is inferred from the profile
likelihood fit, considering the entire energy spectrum. The inferred lower limit on the 0νββ

half-life is T 0ν
1/2 > 5.5 × 1023 yr at 90% C.L., while the expected median sensitivity is T 0ν

1/2
> 2.9×1023 yr. Relying on the phase space factor of [39] and on the nuclear matrix elements
summarized in [40] (referring to shell model [41–44], QRPA [45–49], EDF theory [50–52]
and IBM [53, 54] calculations), this result corresponds to an upper limit on the Majorana
neutrino mass of ⟨mββ⟩ ≡ |

∑
i U

2
eimi| = 0.74–3.19 eV, being Uei and mi the elements of the

neutrino mixing matrix and the neutrino mass eigenvalues, respectively.
This analysis also provides a cross-check of the 2νββ measurement reported in [19].

The main difference between the two analyses is to explicitly consider the cosmogenic back-
ground contribution in the one described here. As the cosmogenic background contribution
is of little importance compared to the radiogenic background contribution in the 2νββ

energy region of interest, similar results are expected. Indeed, the fit value for the 2νββ

rate is R(136Xe) = 335 ± 75(stat) ± 52(sys) yr−1. The measured rate excludes the null
hypothesis at 4.1 σ, reproducing the median sensitivity found in MC studies. The corre-
sponding 2νββ half-life is T 2ν

1/2 = 2.16+0.62
−0.40(stat)+0.40

−0.29(sys) × 1021 yr, fully consistent with
our measurement [19].

The reduced-χ2 of the fit, χ2/dof=172.3/137 (p-value = 2.2%), points at a statistically
significant deviation between the data and the MC expectations, as was the case for the
radiogenic background fit in section 4.3. However, this poor goodness of fit is not expected
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Ajuste al modelo de fondo:

Sustracción de fondo:
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NEXT-100

• Demonstrate ~bgr-free conditions at 100 kg scale, 0νββ search, tonne-scale demonstrator. 

• Target background rate of 5×10-4 counts/(keV⋅kg⋅yr) or 1 count/(ROI⋅yr) 
• Status: in advanced construction stage, to be installed at the LSC in late 2022.

13

See poster #143, G. Diaz

  JHEP 05 (2016) 159

See poster #140, K. Mistry

1.2 m

1.1 m

60 PMTS (EP) 
30% COVERAGE

TPC  
100 KG ACTIVE MASS 

 15 BAR

LEAD CASTLE 
20 CM THICK

INNER COPPER SHIELDING 
12 CM OF ULTRA-PURE COPPER

3584 SIPMS 
15.55 MM PITCH

▪︎ Operando en el Laboratorio Subterráneo de 
Canfranc (LSC) desde la primavera de 2024. 

▪︎ Objetivos:

‣ Mejorar la resolución energética y 

separación de señal y ruido obtenidas 
con NEXT-White.

‣ Tasa de ruido inferior a 1 cuenta/año.


‣ Preparar el camino tecnológico hacia la 
escala de la tonelada con 
actualizaciones de los sistemas de 
fotodetección (nueva electrónica para 
SiPMs y barril de fibras centelladoras).
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RESULTADOS 
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Figure 2. Left: conceptual design of a tonne-scale NEXT detector installed inside a water tank.
Right: detail of the internal structures of the detector. The active volume, 2.6m in diameter and
height, would hold a mass of 136Xe of approximately 1109 kg at 15 bar.

the light collection efficiency and signal-to-noise ratio required to measure the S1 signal
with similar precision to what has been achieved in NEXT-White. The WLS fibres would
provide as well an energy measurement complementary to that of the dense SiPM arrays.
If needed, the SiPMs’s DCR could be mitigated further with the use of moderately cooled
gas (typically, a temperature drop of 30K results in a reduction of the DCR by about an
order of magnitude). The Collaboration is also exploring other readout technologies, such
as high-speed image intensified cameras for tracking, or SiPMs coupled to metalenses [36].

The symmetric arrangement of the TPC halves the maximum drift length, easing the
requirements on gas purity and high voltage. For example, the detector of 2.6m would
require ∼65 kV at the central cathode to achieve a NEXT standard drift field of 500V cm−1,
a value already within the target specifications of the NEXT-100 high-voltage feedthrough.
The shorter drift length would also reduce the average electron diffusion (proportional to
the square root of the drift length), which impacts track reconstruction. Moreover, no
buffer region would be required to protect sensors and electronics against high voltage
discharges from the cathode, maximizing the isotope used for physics.

The field cage itself is expected to be an extrapolation of the current NEXT-100 design,
which has been developed with scalability to the tonne scale and minimization of material
mass and radioactivity as central concerns. The current design secures the field shaping
rings using high-density polyethylene (HDPE) bars of the same length as the detector
active region. Polytetrafluoroethylene (PTFE) panels are then attached to the HDPE
bars making the light reflector seen in figure 2. These reflectors are ∼ 5 mm thick and
constitute the majority of the mass of the field cage. If the detection of the S1 signal
finally requires it, the panels of wavelength-shifting fibres would be fitted to the PTFE.
The field cage is surrounded by an inner shield of 12 cm of copper that attenuates external
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TOWARDS A FIBER BARREL DETECTOR FOR NEXT-GENERATION HIGH-PRESSURE GASEOUS XENON TPCS 11
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23NEXT-HD

Figure 3. Monte-Carlo simulation of a 0⌫�� decay of 136Xe (top row) and of an electron track of
the same energy (bottom row) in gaseous xenon at 15 bar. Below the so-called critical energy (about
12 MeV in gaseous xenon), electrons lose their energy at a relatively fixed rate until they become
non-relativistic; at about that time, they lose the remainder of their energy in a relatively short
distance, generating a blob. Therefore, the ionization tracks left by 0⌫�� events, consisting of two
electrons emitted from a common vertex, feature blobs at both ends. Single-electron tracks, the main
background in NEXT, only have one blob. In the left column, the tracks are shown as generated
by our simulation, whereas in the right the energy deposits have been binned into 3⇥ 3⇥ 3 mm3

voxels to account for the e↵ect of charge di↵usion in a gas with a low-di↵usion additive.

careful radioassay of all materials used in the construction of the detector. The NEXT

Collaboration has undertaken extensive campaigns for the characterization of all materials

used for the NEXT-White and NEXT-100 detectors [42, 43], primarily employing gamma-

ray spectroscopy with high-purity germanium detectors and inductively coupled plasma

mass spectrometry (ICPMS) at the low-background facilities of LSC and Pacific Northwest

National Laboratory (PNNL). For the purposes of this study, we consider, in addition to

our own measurements, others reported in the literature for similar materials with lower

activity. Table 1 lists the leading contributions to the radioactivity budget of NEXT-1t.

– 7 –

Figure 6. Left: Normalized energy spectra of all simulated events after each selection cut is applied.
The shaded distributions correspond to the backgrounds events, while the 0⌫�� signal (whose
half-life is assumed to be 1027 yr for illustration purposes) is represented with solid lines. Right:
Track multiplicity for signal (blue bars) and background (green bars) events.

a non-negligible number of signal events reconstructed as having multiple tracks. The

energy of the electrons in signal events is su�cient in many cases to produce bremsstrahlung

photons that can then re-interact in the gas at a su�cient distance from the primary track

to be reconstructed as separate. This mechanism a↵ects both the track multiplicity and

reconstructed energy of signal events. Recovery of these events is not considered here, but

is part of wider studies.

The remaining single-track events are then checked for the two-blob condition. The

end-points of the tracks are identified as the two voxels at greatest distance from each

other along the track. The energy in spheres of radius 15 mm centred at those points is

integrated to give the blob energies. The blob energy is required to exceed a threshold chosen

optimizing the figure of merit "/
p
b, where " is the signal e�ciency and b is the residual

background. Figure 7 shows the blob energy distributions for all signal and background

events generated. The figure of merit indicates a threshold of 400 keV as the optimal for

the lower blob energy.

The subset of selected events is then reduced to those with energies falling in a region

of interest (ROI) around Q�� (between 2454 and 2471 keV) that optimizes the figure of

merit described above ("/
p
b) for this subset of the data. The events remaining in the ROI

are then used to calculate the acceptance factors: the ratio of events in the ROI to the total

simulated events. A set of unique acceptance factors are calculated for each background

source emanating from each detector component.

The acceptance factors are combined with the mass of each material and the expected

radioactive contamination to yield a background index. The mass of each detector component
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▪︎ Experimento multi-módulo con un primer detector 
de 1 tonelada de 136Xe en el Laboratorio Subterráneo 
de Canfranc. 

▪︎ Diseño base: TPC simétrica con cátodo central, 
lectura mediante un plano denso de SiPMs y un 
barril de fibras centelladoras. 

▪︎ Fondo estimado: 0.09–0.27 cuentas / ROI / ton / yr.

NEXT Collaboration, JHEP 2021 (2021) 08, 164



24NEXT-BOLD
▪︎ El desarrollo de un sistema eficiente y escalable de 

identificación de iones de bario en xenón gaseoso 
a alta presión posibilitaría un experimento libre de 
fondos. 

▪︎ NEXT utiliza single-molecule fluorescence 
imaging (SMFI) para detectar el ion Ba²⁺ producido 
en las desintegraciones doble beta. 

NEXT Collaboration, Phys. Rev. Lett. 120 (2018) 13, 132504

Barium Observation Light Detector (NEXT-BOLD)
23

•Predict arrival position of Ba2+ 
with windows of 1 cm/1ms

•Instrument full cathode or 
implement RF carpet

•  Open gate to let Ba2+ pass just 
when it arrives to cathode. Thus 
coincidence between topology, 
energy and Ba2+ signal

•Unambiguous Ba2+ signature 
from color shift, photobleaching 
or both.  

10 bar xenon gas

https://www.nature.com/articles/s41586-020-2431-5

https://arxiv.org/abs/2006.09494

2

rect limits [11], cosmology [12] and neutrino oscillations
[13] dictates that the rate of 0⌫��, assuming the stan-
dard mechanism, will be very low: the next generation of
experiments must probe 0⌫�� lifetimes of � 1027 years.
Observation of such a rare decay requires ton-scale detec-
tors with near-perfect background rejection capabilities.

One candidate 0⌫�� isotope which has been a focus of
much attention is 136Xe. As a noble element, xenon can
be used in time projection chamber (TPC) detectors, en-
abling fully active, monolithic 0⌫�� searches in both gas
[14] and liquid [15] phases. Background measurements in
present-generation detectors at the 10-100 kg scale, how-
ever, suggest that all proposed ton-scale experiments will
remain background limited in their sensitivity. Improved
technologies with enhanced background rejection capa-
bilities will be required in order to make further progress
as well as enhance confidence for a discovery claim.

It has long been recognized that the detection of sin-
gle barium ions emanating from the decay of 136Xe [16],
when combined with a Gaussian energy resolution bet-
ter than 2% FWHM (�/E ⇠ 0.85%) to reject the two-
neutrino-mode background, could enable a background-
free 0⌫�� search. This is because no conventional ra-
dioactive process can produce a barium ion in bulk xenon.
So-called “barium tagging” has been a subject of R&D
for at least 20 years [17–22], but at the time of writing,
a convincing method of barium ion extraction and iden-
tification remains elusive.

Single molecule fluorescence imaging (SMFI) is a tech-
nique invented by physicists and developed by bio-
chemists that enables single-molecule sensitive, super-
resolution microscopy. Among the applications of SMFI
are the sensing of individual ions [23], demonstrated in
various environments, including inside living cells [24].
A fluor is employed that is non-fluorescent in isolation,
but becomes fluorescent upon chelation with a suitable
ion. The molecule typically comprises of a dye bonded
to a receptor that traps the ion in a cage-like structure.
The electrostatic forces exhibited by the ion on the dye
modify its energy levels to enable molecular fluorescence.
Detection is assisted by the inherent stokes shift of the
dye, allowing separation of emission and excitation light
via dichroic filters. Localized light emission from single
molecules can be spatially resolved using electron mul-
tiplying CCD (EM-CCD) cameras, allowing rejection of
backgrounds from scattering and low-level fluorescence
of unchelated molecules, which are di↵use.

The NEXT collaboration [14] is pursuing a program
of R&D to employ SMFI techniques to detect the bar-
ium daughter ion in high pressure xenon gas (HPGXe).
In HPGXe, energy resolutions extrapolating to better
than 1% FWHM at Q�� have been achieved [25], suf-
ficient to e�ciently reject the two-neutrino-mode back-
ground. Barium resulting from double beta decay is ini-
tially highly ionized due to the disruptive departure of
the two energetic electrons from the nucleus [26]. Rapid
capture of electrons from neutral xenon is expected to

reduce this charge state to Ba++, which may then be
further neutralized through electron-ion recombination.
Unlike in liquid xenon, where recombination is frequent
and the barium daughters are distributed across charge
states [27], recombination in the gas phase is minimal
[28], and thus Ba++ is the expected outcome. Further-
more, since the ion energy in high pressure gas is thermal,
and charge exchange with xenon is highly energetically
disfavored, the Ba++ state is expected to persist through
drift to the anode plane. For this reason, and because
barium and calcium are congeners, dyes which have been
developed for Ca++ sensitivity for biochemistry applica-
tions provide a promising path toward barium tagging
in HPGXe. In ref. [29] we explored the properties of
two such dyes, Fluo-3 and Fluo-4. In the presence of
Ba++, excitation at 488 nm yielded strong emission peak-
ing around 525 nm, demonstrating the potential of these
dyes to serve as barium tagging agents.
In this Letter we describe the resolution of individual

Ba++ ions on a scanning surface using an SMFI-based
sensor (Fig. 1), a major step towards barium tagging in
HPGXe TPCs.

FIG. 1. A single Ba++ candidate. A fixed region of the CCD
camera is shown with 0.5 s exposure before (top) and after
(bottom) photo-bleaching transition.

3

FIG. 2. A schematic view of the TIRF system.

APPARATUS

The SMFI sensor concept developed here uses a thin
quartz plate with surface-bound fluorescent indicators,
continuously illuminated with excitation light and moni-
tored by an EM-CCD camera. It is anticipated that such
a sensor would form the basis for a Ba++ detection sys-
tem in HPGXe, with ions delivered to a few ⇠1 mm2

sensing surfaces, first via drift to the cathode and then
transversely by RF-carpet [30], a method already demon-
strated at large scales [31] and for barium transport in
HPGXe [20].

To demonstrate single Ba++ sensitivity we have im-
aged individual near-surface Ba++ ions from dilute bar-
ium salt solutions. We use the technique of through-
objective total internal reflection fluorescence (TIRF) mi-
croscopy [32]. In through-objective TIRF, a high nu-
merical aperture objective is used to convert a focused
light beam on the back-focal plane (BFP) into parallel
rays. By translating the focal point across the BFP, the
emerging parallel rays are brought to a shallow angle, un-
til eventually they totally internally reflect o↵ the lower
sample surface. The evanescent excitation wave, extend-
ing only about one wavelength into the sample, causes
fluorescence of the near-surface molecules while minimiz-
ing deeper fluorescence and scattering from within the
sample. By focusing the objective on the same scanning
surface and imaging the fluorescence light, individual flu-
orescent molecules can be spatially resolved above a dim-
mer, di↵use background.

The apparatus used in this study comprises an Olym-
pus IX-70 inverted fluorescence microscope frame, out-
fitted with a custom external optical system to imple-
ment TIRF imaging. Fig. 2 shows a schematic view of

FIG. 3. A sample image from the EM-CCD in one of the
barium-spiked samples showing both near-surface (bright)
and deeper (dim) fluorescent molecules.

this system. The external optics were assembled follow-
ing the general methods of Ref. [33]. The objective is
an Olympus 100x 1.4 NA, and was used with Olympus
immersion oil (n = 1.518). Low-fluorescence coverslips
of thickness 0.13 mm serve the combined role of sample
substrates and imaging plane. A Hamamatsu ImagEM
X2 EM-CCD camera, chosen for its high quantum e�-
ciency, low noise, and high EM gain, was used to record
the fluorescence emission. The excitation source is an
NKT Photonics SuperK EXTREME laser, which emits
in a wide spectral range of 350-2350 nm. The laser light
is filtered to a tunable band of width ± 1 nm in the vis-
ible range via an acousto-optical tunable filter (AOTF).
The beam is then expanded, cleaned, and steered via an
array of adjustable mirrors through a lens that focuses it
onto the objective BFP. Emission and excitation light are
separated by a filter cube containing the dichroic mirror
and the emission and excitation filters described in [29].
Micrometer stages in the external optical system allow
for focusing on the BFP and adjustment of the TIRF ray
angle, and the image is brought into focus using sample
stage adjustment on the microscope frame.

SAMPLE PREPARATION AND IMAGING

The studies presented in this Letter use fluorophores
that are immobilized at the sensor surface. This emulates
the conditions in a HPGXe TPC detector, where the ions
will drift to the sensor plate and adhere to fluorophores
immobilized there. The purpose of this immobilization
is to suppress Brownian motion of non-tethered fluo-
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• NEXT with barium tagging would provide a dramatic sensitivity 
improvement through combination of signal efficiency increase 
and background reductions

NEXT with barium tagging

(assuming high efficiency barium tag can be achieved)
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Neutrinos in the Standard Model
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Figure 1: Particle content of the SM and its minimal extension in neutrino sector. In the SM

(left) the right-handed partners of neutrinos are absent. In the ⌫MSM (right) all fermions

have both left and right-handed components.

Y can vary from 10�13 (Dirac neutrino case) to ⇠ ⇡ (the onset of the strong coupling). The

admitted region is sketched in Fig. 2.

Independently on their mass, the new Majorana leptons can explain oscillations of active

neutrinos. So, an extra input is needed to fix their mass range. It can be provided by the

LHC experiments.

Suppose that the resonance found at the LHC by Atlas and CMS in the region 125� 126

GeV is indeed the Higgs boson of the Standard Model. This number is remarkably close to

the lower limit on the Higgs mass coming from the requirement of the absolute stability of

the electroweak vacuum and from Higgs inflation, and to prediction of the Higgs mass from

asymptotic safety of the Standard Model (see detailed discussion in [1] and in a proposal

submitted to European High Energy Strategy Group by Bezrukov et al. [2]). The existence

of the Higgs boson with this particular mass tells that the Standard Model vacuum is stable

or metastable with the life-time exceeding that of the Universe. The SM in this case is a

valid e↵ective field theory up to the Planck scale, and no new physics is required above the

Fermi scale from this point of view. Suppose also that the LHC finds no new particle and no

deviations from the Standard Model. In this case the “naturalness paradigm”, leading the

theoretical research over the last few decades will be much less attractive, as the proposals for

new physics stabilizing the electroweak scale by existence of new particles in the TeV region

and based on low energy supersymmetry, technicolor or large extra dimensions would require

severe fine-tunings.

The solution of the hierarchy problem does not require in fact the presence of new particles

or new physics above the Fermi scale. Moreover, the absence of new particles between the

electroweak and Planck scales, supplemented by extra symmetries (such as the scale invari-

ance) may itself be used as an instrument towards a solution of the problem of stability of

2

Fermion masses arise from the couplings of 
their left-handed and right-handed fields to 
the Higgs field.

The Standard Model does not contain right-
handed neutrino fields, as they’d be sterile 
(i.e. with no SM gauge interactions).

Therefore, neutrinos are left massless in the 
Standard Model.

27
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Oscillation experiments have established that neutrinos are massive particles and that the 
neutrino states participating in the weak interaction (flavour eigenstates) are different from 
the states controlling free-particle evolution (mass eigenstates). 

Neutrino masses and mixing 29
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Recipes for a neutrino mass 31

1.2. THE ORIGIN OF NEUTRINO MASSES 9
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Figure �.�. �e e�ect of Dirac and Majorana mass terms: Both types of mass terms
turn chiral states into their opposite (the charge conjugate of a �eld with a given
chirality always has the opposite chirality). In addition, Majorana mass terms convert
particles into their antiparticles.

violating the SM total lepton number L ≡ Le + Lµ + Lτ by two units (�∆L� = �).
Such mass terms are therefore forbidden for all electrically charged fermions
because of charge conservation.

�.�.� �e see-saw mechanism

We have seen above that in order to generate a Dirac mass for the neutrino
as we do for the other fermions, we are forced to introduce in our theory the
sterile neutrino �eld νR. Notice that once this �eld exists, there is no strong
reason in the SM to prevent the occurrence of a Majorana mass term like that
in Eq. (�.��): such a term violates neither the conservation of weak isospin
nor that of electric charge. Consequently, if nature contains a Dirac neutrino
mass term, then it is very likely that it will also contain a Majorana mass term,
and, of course, if no Dirac neutrino mass term exists, then, certainly, the only
source of neutrino mass would be a Majorana mass term.

�erefore, the most general neutrino mass term allowed in the framework
of the SM with the minimal addition of the positive-chirality �eld νR is the
following:

L
D+M
mass = L

D
mass +L

M ,R
mass . (�.��)

In contrast, the Majorana mass term in Eq. (�.��) is not allowed by the sym-
metries of the SM, but it could be generated by new physics. In order to
understand the implications of the combined Dirac-Majorana mass term in
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Figure �.�. �e e�ect of Dirac and Majorana mass terms: Both types of mass terms
turn chiral states into their opposite (the charge conjugate of a �eld with a given
chirality always has the opposite chirality). In addition, Majorana mass terms convert
particles into their antiparticles.

violating the SM total lepton number L ≡ Le + Lµ + Lτ by two units (�∆L� = �).
Such mass terms are therefore forbidden for all electrically charged fermions
because of charge conservation.

�.�.� �e see-saw mechanism

We have seen above that in order to generate a Dirac mass for the neutrino
as we do for the other fermions, we are forced to introduce in our theory the
sterile neutrino �eld νR. Notice that once this �eld exists, there is no strong
reason in the SM to prevent the occurrence of a Majorana mass term like that
in Eq. (�.��): such a term violates neither the conservation of weak isospin
nor that of electric charge. Consequently, if nature contains a Dirac neutrino
mass term, then it is very likely that it will also contain a Majorana mass term,
and, of course, if no Dirac neutrino mass term exists, then, certainly, the only
source of neutrino mass would be a Majorana mass term.

�erefore, the most general neutrino mass term allowed in the framework
of the SM with the minimal addition of the positive-chirality �eld νR is the
following:

L
D+M
mass = L

D
mass +L

M ,R
mass . (�.��)

In contrast, the Majorana mass term in Eq. (�.��) is not allowed by the sym-
metries of the SM, but it could be generated by new physics. In order to
understand the implications of the combined Dirac-Majorana mass term in

Majorana mass term
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Dirac mass term Majorana mass term

−LD = mν νL νR +H.c −LM = mν νL νcL +H.c

•Mass term analogous to those of 
charged leptons. 

•Sterile right-handed fields added to 
the Standard Model. 

•Conserves lepton number.

•Requires an expanded Higgs sector. 

•Implies lepton number violation. 

•Neutrinos and antineutrinos are 
identical. 
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Dirac mass term Majorana mass term

•Mass proportional to Higgs VEV.  

•Unexplained very small couplings 
needed to account for observed 
neutrino masses.

•Hint of a new physics scale 
responsible for the strong hierarchy 
between neutrino and charged-
lepton masses.

mν ∼ yν υ mν ∼ yν υ��M



Double beta decay 34

ν

ν e−e− e−

e−
ν

ν

�νββ �νββ

Forbidden in SM. Violates total 
lepton number (ΔL=2). Half-life 
longer than 1026 years.

SM-allowed process. Observed in 
several isotopes with half-lives of 
order 1018 – 1022 years.



The simplest underlying mechanism for neutrinoless double beta decay is the virtual exchange of a light 
Majorana neutrino. However, irrespectively of the mechanism, the existence of neutrinoless double beta 
decay implies a Majorana mass term for neutrinos [Schechter and Valle, PRD 25 (1982) 2951].

Majorana neutrinos and 0νββ 35
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Decay rate 36

(If light neutrino exchange is the dominant underlying mechanism.)

�T�ν
����−� = G�ν �M�ν �� �mββ
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Build your own 0νββ experiment 37

1. Acquire a large mass (M) of a double-beta-
decaying isotope and a calorimeter with perfect 
resolution and efficiency. 

2. Measure the energy of the radiation emitted by 
the source to separate the two different decay 
modes. 

3. Count the number of neutrinoless decays (N) 
that have occurred in a given time (t) and 
calculate the corresponding half-life: 

T��� = log � NA
W

M t
N
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Backgrounds 38

Natural radioactivity is the most common background for neutrinoless double beta decay 
experiments. The figure shows a typical energy spectrum of a high-purity germanium 
calorimeter.

Table 1. Background counting rates (expressed in counts d−1 kg−1) of the germanium detectors used at LSC
for the NEXT measurements. Integral rate from 100 to 2700 keV and rates at different peaks (583 keV from
208Tl, 609 keV from 214Bi and 1461 keV from 40K) are presented. Only statistical errors are quoted.

Detector name Mass (kg) 100-2700 keV 583 keV 609 keV 1461 keV
GeOroel 2.230 490±2 0.8±0.1 3.0± 0.2 0.41±0.07
GeAnayet 2.183 714±3 3.8±0.2 1.7±0.1 0.38±0.07
GeTobazo 2.185 708±3 4.0±0.2 1.3±0.1 0.40±0.06
GeLatuca 2.187 710±3 3.3±0.2 5.9±0.3 0.56±0.08
Paquito 1 79±2 0.27±0.09 0.5±0.1 0.25±0.09

Figure 3. Energy spectrum of GeOroel detector at LSC registered in a background measurement for 38.00
days. Main gamma lines from isotopes of the 238U (red) and 232Th (blue) radioactive chains and from 40K
(green) are marked.

differ from the background signal. The criteria proposed in Currie’s landmark paper [25] and more
recently revised in [16, 26] have been followed here. Activities have been quantified when possible
and upper limits with a 95.45% C.L. have been derived otherwise.

Concerning the estimate of the detection efficiency, Monte Carlo simulations based on the
Geant4 [27] code have been performed for each sample, accounting for intrinsic efficiency, the geo-
metric factor and self-absorption at the sample. No relevant change has been observed in the Geant4
simulation when changing version or the physical models implemented for interactions (consid-
ering the low energy extensions for electromagnetic processes based on theoretical models and
on exploitation of evaluated data, G4EmLivermorePhysics class and the previous G4LowEnergy*

– 6 –

NEXT Collaboration (Álvarez et al.), JINST 8 (2013) T01002



Energy resolution 39

Good energy resolution is essential: it increases the signal to noise ratio and is the only 
protection against the standard two-neutrino decay mode.
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Radiopurity 40

Detectors are being built with materials with activities as low as 10–6 Bq/kg. 
(Compare that with typical activity of human body of about 100 Bq/kg.)
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Event identification 41

All experiments look for extra signatures (e.g. event topology or pulse-shape discrimination) 
to differentiate signal and background events.



Experimental figure of merit 42
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FIG. 22 Artistic illustration of a high-purity Ge (HPGe) de-
tector and its 0⌫��-decay detection concept. Electron and
hole clusters created by ionization are collected to the elec-
trodes by an electric field. Image courtesy of Laura Manenti.

tor consists of a single crystal grown by the Czochralski
method (Depuydt et al., 2006) from Ge-material enriched
up to 92% in 76Ge. The detectors used by recent and
future experiments are all p-type crystals, with two con-
ductive electrodes obtained through B implantation (p+
electrode) and Li di↵usion (n+ electrode). The semicon-
ductor junction forms between the n+ electrode and the

p-type crystal, and is extended throughout the whole de-
tector volume by applying a reverse bias of a few thou-
sands volts. Electrons and holes produced within the
crystal by ionization drift along the electric field, induc-
ing a current. The current integral is proportional to
the energy deposited within the detector, and its time-
structure carries information on the event topology. The
detector size is currently limited to 1-3 kg, and multiple
detectors need to be operated simultaneously to reach
a competitive amount of isotope mass. These detectors
are operated in ultra-low background environments, sur-
rounded by shielding material and active veto systems.

HPGe detectors feature high 0⌫��-decay detection ef-
ficiencies. The presence of conductive electrodes on the
detector surface reduces the active volume fraction to
"act ⇠ 90% and leads to energy loss for a fraction of the
0⌫��-decay events ("cont ⇠ 90%). The 0⌫��-decay event
tagging e�ciency, "mva ⇠ 80 � 90%, is typically limited
by signal-background discrimination methods based on
the analysis of the current time-structure. Given the low
background level and high resolution, the optimal en-
ergy region of interest (ROI) for 0⌫��-decay searches is
Q�� ± 2�, containing 95% of the signal. Specific param-
eter values of 76Ge experiments are listed in Tab. V.

The GERDA experiment operated a compact array
of about 40 detectors in a cryostat containing 64m3

of liquid argon (LAr) (Agostini et al., 2018b). Sev-
eral detector geometries were used during the experi-

Rev. Mod. Phys. 95 (2023) 2, 025002
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FIG. 3: Allowed region for the 136Xe 0ωεε rate and the long-
lived spallation background rate in the energy region 2.35 <
E < 2.70MeV (0ωεε window). The red dot and contour lines
correspond, respectively, to the best-fit and the 1ϑ, 90%, 95%,
99% C.L. intervals for two degrees of freedom. The horizontal
line indicates the MC-based prediction.

2097 kg yr of 136Xe, more than double the amount of the
previous search [3]. The 0ωεε decay rate is estimated
from a simultaneous likelihood fit to the binned energy
spectra of SD and LD between 0.5 and 4.8MeV. The
binned energy spectra are made by dividing the 2.5-m-
radius fiducial volume into 40 equal-volume bins (illus-
trated in Fig. 1), considering the time variation of event
rates. The contributions from major backgrounds in the
Xe-LS, such as 85Kr, 40K, 210Bi, the 228Th-208Pb sub-
chain of the 232Th series, and long-lived spallation prod-
ucts, are free parameters and are left unconstrained in the
spectral fit. The contributions from the 222Rn-210Pb sub-
chain of the 238U series and short-lived spallation prod-
ucts are constrained by their independent measurements.
The parameters of the detector energy response model
are constrained by 214Bi data. The energy spectral dis-
tortion parameter (a linear rescaling) for the long-lived
spallation products is constrained by its estimated un-
certainty (Fig. 10 in Ref. [26]).

Figure 2 shows the energy spectra of selected candi-
date SD and LD events within a 1.57-m-radius spherical
volume together with the best-fit curves. The exposure
of 136Xe for SD in this reduced volume is 1.13 ton yr. The
best-fit background contributions are summarized in Ta-
ble I. The 0ωεε signal best-fit is 0 events, indicating no
event excess over the background expectation. We ob-
tain a 90% confidence level (C.L.) upper limit on the
number of 0ωεε decays of < 10.0 events (< 8.0 events in
the range 2.35 < E < 2.70MeV), which corresponds to
a limit of < 8.9 (ton yr)→1 in units of 136Xe exposure, or
T 0ωεε
1/2 > 3.4 → 1026 yr (90% C.L.). An analysis based

on the Feldman-Cousins procedure [29] gives a slightly
stronger limit of 4.3 → 1026 yr (90% C.L.), indicating a
limited impact of the physical boundary on the 0ωεε
rate at low statistics. An MC simulation of an ensemble
of experiments assuming the best-fit background spec-
trum rwithout a 0ωεε signal indicates a median sensi-
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FIG. 4: E!ective Majorana neutrino mass →mωω↑ as a func-
tion of the lightest neutrino mass mlightest. The dark shaded
regions are predictions based on best-fit values of neutrino
oscillation parameters for (a) the normal ordering (NO) and
(b) the inverted ordering (IO), and the light shaded regions
indicate the 3ϑ ranges calculated from oscillation parameter
uncertainties [30, 31]. The horizontal lines indicate 90% C.L.
upper limits on →mωω↑ with 136Xe from KamLAND-Zen (this
work), considering an improved phase space factor calcula-
tion [32, 33] and phenomenological NME calculations: shell
model [34–37] (dot-dashed lines), quasiparticle randomphase
approximation (QRPA) [38–42](dotted lines), energy-density
functional (EDF) theory [43–45] (solid lines), interacting bo-
son model (IBM) [46, 47] (dashed lines). (c) The correspond-
ing limits for 136Xe, 76Ge [48], and 130Te [49]. Three theoreti-
cal predictions in the IO region are also shown: (A)[4], (B)[5],
(C)[6].

tivity of 2.3 → 1026 yr. The probability of obtaining a
limit stronger than that reported here is 24%. In addi-
tion to the frequentist analyses above, we also performed
a statistical analysis within the Bayesian framework, as-
suming a flat prior for 1/T 0ωεε

1/2 . The Bayesian limit and

median sensitivity are 3.4→1026 yr and 2.4→1026 yr (90%
C.L.), respectively.

Figure 3 shows the allowed region of the 136Xe 0ωεε
rate and the long-lived spallation background rate from a
combined fit of the KamLAND-Zen 400 and 800 datasets,
giving a limit of

T 0ωεε
1/2 > 3.8→ 1026 yr (90% C.L.). (1)

The best-fit long-lived spallation background rate is
30.2± 4.5 (ton yr)→1indicating good consistency between
the MC-based prediction and the LD analysis. This com-
bined analysis has a sensitivity of 2.6 → 1026 yr, and the
probability of obtaining a stronger limit is 29%. The
lower limit on T 0ωεε

1/2 can be converted to an upper limit

arXiv:2406.11438

▪︎ KamLAND-Zen (136Xe): T1/2 > 3.8×1026 años  (90% CL) → mββ < 28–122 meV 

▪︎ GERDA (76Ge): T1/2 > 1.8 ×1026 años (90% CL) → mββ < 79−180 meV

(T0ν
1/2)−1 = G0ν M0ν

2

(
mββ

me )
2

mββ = ∑
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PoS(EPS-HEP2025)159

First results from LEGEND-200: searching for 0𝐿𝑀𝑀 decay in
76

Ge

appears to be successfully mitigated by the LAr veto and PSD cuts, but it was nevertheless the main
subject of investigation in the past year, after the stop of the physics run employed in this analysis.

The gray histogram contains only the events that, in addition, pass also the LAr veto cut: it
removes all the events for which a sizable amount of energy is released in the liquid argon in a
[-1,5] µs coincidence window from a HPGe trigger. For this analysis the veto condition is either
that →4 photoelectrons in total are collected by the SiPMs or that →4 SiPMs acquire a signal (above
threshold).

Finally, the red histogram contains only the events passing also the PSD cut. For this analysis
the PSD cut is based on two parameters: A/E, which is defined as the ratio between the maximum
amplitude of the current pulse (A) and the energy of the event (E), and LQ (late charge), defined as
the area above the charge signal after the time at which it reaches the 80% of its total amplitude.
For ICPC detectors produced by Mirion and BEGe detectors, a double sided cut is applied to
the A/E parameter: the low side cut, optimized to achieve a 90% survival fraction of the SSE-
dominated 208Tl double escape peak (DEP) in calibration data, e!ectively suppresses MSE and
events happening close to the n+ surface of the detector, both characterized by a lower amplitude of
their current pulse; the high side cut, fixed at a value of 3, e!ectively suppresses events happening
close to the p+ contact (𝑁 particles), which are typically fast signals (higher amplitude of the current
pulse). For PPC detectors and ICPC detectors produced by Ortec, due to their di!erent geometry
translating to di!erent properties of their electric fields and consequently di!erent pulse shapes, the
applied PSD cut combines instead the low side A/E cut for MSE to an LQ< 3 cut to suppress surface
events. Finally for Coax detectors the standard PSD parameters are not e!ective, due again to the
impact of the geometry on the pulse shape features: an Artificial Neural Network (ANN)-based
PSD cut is used instead. The energy spectrum after all cuts is dominated by the 2𝐿𝑀𝑀 distribution
below Q𝐿𝐿 , while only few residual counts survive near and above it.

Figure 4: Energy spectrum acquired by LEGEND-200 (61 kg yr exposure). The e"ciencies of the applied
cuts are: 𝑂𝑀𝑁𝑂𝑃 (𝑃𝐿𝐿), 𝑂𝑀𝑁𝑄𝑅 (𝑃𝐿𝐿) > 99.9%, 𝑂𝑆𝑇𝑈 (𝑃𝐿𝐿) ↑ 93%, 𝑂𝑉𝑊𝑋 (𝑃𝐿𝐿) ↑ 76 ↓ 85%. Inset: unblinded
0𝐿𝑀𝑀 analysis window.

6
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Fig. 8 Probability of 90% exclusion limits for CUPID obtained with a Bayesian analysis, under the assumption of a background of
1 → 10↑4 counts/keV/kg/yr and 5 keV FWHM energy resolution. Left: Distribution of half-life exclusion limits, the median sensitivity and
interval containing 68% of the pseudo-experiments are shown. Right: Probability for CUPID to exclude 𝐿𝐿𝐿 values at 90% c.i. The probability of
50% corresponds to the median of the distributions on the left translated in 𝐿𝐿𝐿 . The shaded band corresponds to the inverted ordering region.

500 1000 1500 2000 2500 3000 3500 4000 4500
Exposure [kg.yr]

0

0.2

0.4

0.6

0.8

1

2710×

 [y
r]

1/
2

D
is

co
ve

ry
 s

en
si

tiv
ity

 in
 T

 ckky  -4B = 1.0 x 10

 ckky  -4B = 1.5 x 10

Fig. 9 CUPID median discovery sensitivity (3𝑀) in half-life as a func-
tion of the exposure in crystal mass times livetime. The sensitivity for
𝑁 = 1 → 10↑4 counts/keV/kg/yr and 1.5 → 10↑4 counts/keV/kg/yr are
shown in blue and red respectively. This is obtained using an energy
resolution of 5 keV FWHM.

7 Conclusion

In this work we computed the expected sensitivity of the
next-generation experiment CUPID to search for neutrino-
less double-beta decay of 100Mo. In the CUPID baseline sce-
nario, with crystal mass 450 kg, the background is 1.0→ 10↑4

counts/keV/kg/yr and the energy resolution is 5 keV FWHM
at the Q-value of the transition. Using an unbinned likelihood
analysis and a Frequentist and Bayesian frameworks, we ob-
tain the discovery and the exclusion sensitivities to the half-
life and the e!ective Majorana neutrino mass. In the baseline
scenario, with 10 live-years of data taking, we derive a 3𝐿
discovery sensitivity in the Frequentist approach of𝑀1/2 = 1.0
+0.7
↑0.3 → 1027 yr, corresponding to 𝑁̂𝑂𝑂 = 12–36 meV. The
uncertainty given on the half-life in the Frequentist discovery
sensitivity, as well as for the Frequentist and Bayesian ex-
clusion sensitivities, is given by the ±34.1% interval around
the median, and is not taken into account when quoting the

𝑁̂𝑂𝑂 ranges. Without the value of the shell model NME [43],
the CUPID sensitivity becomes 𝑁̂𝑂𝑂 = 12–21 meV. On
the other hand, accounting for the short-range M0𝑃

𝑄 and the
N2LO NMEs [55] results in a smaller lower value of 7.4 meV.
The median exclusion sensitivity in the Frequentist analysis
yields 𝑀1/2 = 1.8+2.1

↑0.8 → 1027 yr, corresponding to exclusion
limits to the e!ective Majorana neutrino mass of 𝑁̂𝑂𝑂 = 9.0–
26 meV. The Bayesian exclusion limit at 90% c.i. results in
𝑀1/2 = 1.6+0.6

↑0.5 → 1027 yr, corresponding to limits to the ef-
fective Majorana neutrino mass of 𝑁̂𝑂𝑂 = 9.6–28 meV,
covering the neutrino mass regime in the inverted ordering
scenario, as well as the normal ordering regime with neutrino
mass larger than 10 meV. We have also calculated the impact
on the expected sensitivity in the case of background levels
and energy resolutions di!ering from those of the baseline
scenario. The power of discovery of the CUPID experiment
is highlighted in Fig. 10, which shows the discovery sensi-
tivity on the e!ective Majorana neutrino mass as a function
of the background index for various energy resolutions. The
bands represent the range of 𝑁𝑂𝑂 values using the NMEs
from Table 2. The variations on the discovery sensitivity in
𝑁𝑂𝑂 are dominated by the spread in NME values, rather than
by the di!erences induced by the various scenarios of back-
ground index and energy resolution. The right panel in Fig.
10 shows the comparison with current and next-generation
experiments, underlying the competitiveness of CUPID.
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Detector concept 48

Xenon gas time projection chamber with electroluminescent amplification. 
• Primary scintillation (S1) establishes the start-of-event time. 
• Secondary scintillation (S2) is used for calorimetry and tracking. 
• Specialised photosensor arrays for each measurement.
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Intrinsic energy resolution of xenon gas close to 0.3% at 2.5 MeV. 
Fano factor of xenon significantly smaller in gaseous phase than in liquid.

Energy resolution in xenon 49
366 A. Bofofnikov, B. Ramsey / Nucl. Insfr. and Meth. in Phys. Rex A 396 (1997) 360-370 
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Fig. 5. Density dependencies of the intrinsic energy resolution (%FWHM) measured for 662 keV gamma-rays. 

above 2-6 kV/cm depending on the density, it remains 
practically unchanged. At low densities, < 0.55 g/cm3, 
the resolution almost saturates to the same limit, deter- 
mined by the statistics of ion production, while at high 
densities, > 0.55 g/cm3, it continues to slowly decrease 
even at the maximum applied fields, but still remains far 
above the statistical limit. This is seen more clearly in 
Fig, 5 which gives energy resolution versus density meas- 
ured for 662 keV gamma-rays at a field of 7 kV/cm. 
Below 0.55 g/cm3 the resolution stays at a level of 0.6% 
FWHM (statistical limit), then, above this threshold, it 
starts to degrade rapidly, and reaches a value of about 
5% at 1.7 g/cm”. Such degradation of the energy resolu- 
tion above 0.55 g/cm3 was observed previously in 
Ref. [3-53 and explained with the d-electron model, 
originally proposed to explain the poor energy resolution 
measured by others in liquid Xe [13]. According to this 
model, the degradation of the energy resolution is caused 
by the fluctuations of electron-ion recombination in 6- 
electron tracks. For intense recombination, which would 
give large fluctuations, a particular density of ionization 
must be reached. These conditions would appear first in 
the tracks produced by low-energy S-electrons. The 
fluctuations in the number of such tracks, which are 
governed by the statistics of the a-electron production, 
determine the intrinsic resolution. As the density in- 
crease, the ranges of the &electrons become smaller, and 
the conditions for strong recombination occur in tracks 
produced by S-electrons with ever higher energies. In 
other words, the average number of tracks with high 
recombination rate should increase with density even if 
the recombination rate itself saturates at high densities. 

This can be illustrated by comparing the density depend- 
ence of the intrinsic energy resolution and changes in the 
slope of l/Q versus log(E), i.e. coefficient B in function (l), 
which characterizes the recombination processes (see 
Figs. 5 and 6). Below 1.4g/cm3, the energy resolution 
almost follows the dependence of B. At higher densities 
B saturates, or even starts to decrease, while the intrin- 
sic energy resolution continues to degrade. The latter 
fact shows that at high densities the resolution is deter- 
mined by fluctuations in the number of tracks with high 
density ionization, rather than fluctuations in recombi- 
nation. 

Another interesting question is the origin of the step- 
like behavior of the resolution around 0.55 g/cm3 (see 
Fig. 5). The location of the step precisely coincides with 
the threshold of appearance of the first exciton band, 
which is formed inside a cluster of at least 10 atoms due 
to density fluctuations in dense Xe [S]. Delta-electrons 
interact with whole clusters to produce an exciton or free 
electron. This could be an additional channel of energy 
loss that would result in a sharp decrease in size of the 
a-electron tracks and, consequently, in a sharp rise of the 
number of tracks with high density of ionization above 
0.55 g/cm3. 

A similar behavior of the intrinsic resolution was ob- 
tained for all other energies used in these measurements 
(0.3-1.4 MeV). Below 0.55 g/cm’, the intrinsic energy res- 
olution saturates to its statistical limit, determined by 
(FW/E,)“‘, if a sufficiently high electric field is applied, 
and starts to degrade above 0.55 g/cm” even at high 
fields. Fig. 7 shows the dependence of the intrinsic resolu- 
tion (%FWHM) on the energy of gamma-rays plotted as 
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Electroluminescence 50

Emission of scintillation light by atoms excited by a charge accelerated by an electric field. 
High, linear amplification gain with sub-Poisson fluctuations.
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Topological event identification 51

Signal events (two electron tracks with a common vertex) feature high dE/dx blobs at both 
ends, unlike most common background events (single electrons).

Figure 11. Experimental detector data events in the 1.6 MeV double escape peak region after
topological classification. Top two rows: e

�
e
+ candidates; bottom two rows: background candi-

dates.
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The NEXT Program
Prototypes

2008-2014
Demonstration of detector concept

~1 kg

NEXT-White
2015-2021

Background model assessment

2!"" measurement for 136Xe

NEXT-100
2022-2025

Background model assessment

Neutrinoless double beta decay 
search in 136Xe

NEXT-HD
2026?

Neutrinoless double beta decay 
search through inverted neutrino 

mass ordering

NEXT-BOLD
Barium tagging for background-free 

experiment
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NEXT-White @ LSC 53



0.5 m
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NEXT-White 56

12 Hamamatsu R11410 2000+ SensL 1-mm2 SiPMs
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Figure 18: Image of the NEXT-White vessel in the LSC clean room while detector assembly.

Figure 19: The NEXT-WhiteNEXT-100 compressor, manufactured by SERA.

The gas loop has two SAES MC4500-902 ambient temperature getters [28] (cold getters) and
one SAES PS4-MT50-R-535 hot getter [29].The three getters can be operated in parallel to allow
large flow operations. The normal mode of operation is to circulate only through the hot getter,
given the large radon contamination introduced by the cold getters. Indeed, recirculation through the
hot getter only is a must in a physics run. However, during commissioning, circulation through the

– 19 –

cold getters (or both cold and hot getters) allows a faster purification of the gas and is an acceptable
strategy provided su�cient time is allowed after closing the cold getters for the radon to decay.

The compressor, shown in figure 19 was manufactured by SERA [30]. The inlet takes gas at
a pressure between 5 bar and 10 bar. The maximum outlet pressure is 25 bar. The total leak rate
of the compressor has been measure to be smaller than 0.19 g yr�1. The compressor has a triple
diaphragm system that prevents catastrophic loses of xenon and gas contamination in case of an
abrupt diaphragm rupture.

The flow direction inside the active volume of the detector is from the anode to the cathode. The
gas enters just behind the tracking plane copper plate (See sec. 6) and exits through a VCR 1/2" port
just after the cathode. With this configuration, the clean gas enters directly into the amplification
region.

8.3 Cryo-recovery system

Figure 20: Left: A picture of the two NEXT cryo-bottles. Right: A drawing showing the design of
the second bottle (the first one is similar).

Recovery of the xenon under normal operation conditions is achieved by connecting two
cryo-bottles (figure 20 left) to the recirculation loop and to the expansion tank (so that one can
recover the xenon stored there in the event of an emergency evacuation). One of the bottles is used
to recover normal xenon, while the other will be used to recover enriched xenon. Each bottle is

– 20 –

NEXT-White



58NEXT-White

The NEXT-White setup in Hall A at the Laboratorio Subterráneo de Canfranc.



▪︎ Resolución energética (medida a diferentes energías) extrapolable a <1% FWHM a 2.5 MeV. 

▪︎ Reconstrucción de trazas eficaz para distinguir eventos con 1 o 2 electrones.

EL EXPERIMENTO NEXT: RESULTADOS (1) 59
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Figure 5. Fits to the dependence of energy on track length in the axial dimension (left), and
the resulting energy spectra of three energy peaks (nominally at 662 keV, 1592 keV, and 2615 keV)
after application of all corrections, including a linear correction to the energy (equation (3.1))
corresponding to the average value of (m/b) = 2.76× 10−4 obtained from the 3 fits (right).
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▪︎ Medida de la semivida de la desintegración 2νββ del 136Xe en NEXT-White usando dos métodos de 
análisis diferentes:

‣ Sustracción de los espectros medidos con xenón enriquecido y con xenón empobrecido en 136Xe. 
‣ Ajuste de los datos al modelo de fondo del experimento.

EL EXPERIMENTO NEXT: RESULTADOS (2) 60

1 e–

6

FIG. 4. Fiducial event rate along the low-background data taking periods. Green dots (blue triangles) show the daily rates
corresponding to the 136Xe-enriched (136Xe-depleted) campaign. The horizontal red lines present fits to the data with 0-degree
polynomials, yielding p-values of 24% and 15% for Run-V and Run-VI, respectively.

2⌫�� contribution in the Run-VI data is taken into ac-
count. The subtraction systematic uncertainty is in-
troduced in the fit as a covariance matrix. The signal
normalization uncertainty is decomposed into the un-
correlated (isotopic composition) and correlated (num-
ber of xenon atoms and trigger e�ciency) contributions
between Run-V and Run-VI. Being energy-independent,
these errors are introduced in the fit as three nuisance pa-
rameters with Gaussian priors. With a �2/dof of 16.1/21
(p-value=76%), the fit yields a best-fit value for the
rate of 2⌫�� events of R(136Xe)=291±73(stat)±28(sys)
yr�1. The best-fit rate corresponds to a 2⌫�� half-life of
T 2⌫
1/2 = 2.34+0.80

�0.46(stat)
+0.30
�0.17(sys)⇥ 1021 yr. The rejection

of the null hypothesis reaches 3.8�, while the expected
median sensitivity is 4.1� according to the half-life re-
ported in Ref. [6]. The background-subtracted 2⌫��
event energy spectrum is presented in Fig. 5. This result
is compatible with the two previous measurements in Ref.
[6] (T 2⌫

1/2 = 2.165±0.0016(stat)±0.059(sys)⇥1021 yr) and

Ref. [7] (T 2⌫
1/2 = 2.23± 0.03(stat)± 0.07(sys)⇥ 1021 yr).

In an alternative analysis, a consistent T 2⌫
1/2 value is also

obtained by considering the background-subtracted blob
energy distribution instead of the event energy, as sum-
marized in the Appendix A.

A background-model-dependent fit of the event energy
has been performed in order to validate the background-
subtraction result. In this fit, the ��-candidates se-
lected in Run-V and Run-VI are jointly fitted to the
radiogenic background model. Apart from the rate of
2⌫�� events, the contributions from 40K, 60Co, 208Tl,
and 214Bi background events are also extracted. The
data superimposed to the best-fit MC are shown in
Fig. 6. The best-fit background rates are R(40K)=10±2
µHz, R(60Co)=14±2 µHz, R(208Tl)=40±2 µHz, and
R(214Bi)=6±3 µHz. The 2⌫�� best-fit rate is
R(136Xe)=334±78(stat)±54(sys) yr�1, corresponding to
a half-life of T 2⌫

1/2 = 2.14+0.65
�0.38(stat)

+0.46
�0.26(sys) ⇥ 1021 yr

FIG. 5. Background-subtraction 2⌫�� fit. The background-
subtracted data (black dots) are superimposed to the best-fit
MC (yellow histogram). The error bars correspond to the
statistical errors in Run-V and Run-VI.

(4.1� significance). The goodness of fit, �2/dof =
146.1/114 (p-value = 2.3%), reveals some limitations in
the simulation. However, the small di↵erence in the best-
fit T 2⌫

1/2 with respect to the background-subtraction fit
indicates that no significant bias is induced.

VI. CONCLUSIONS

In summary, the operation of the NEXT-White detec-
tor with 136Xe-enriched and 136Xe-depleted xenon gas
has enabled the measurement of the 2⌫�� half-life of
136Xe, using a fiducial mass of only ⇡3.5 kg. The anal-
ysis relies on two unique capabilities of the NEXT tech-
nology, namely, the topological signature of the events
and the direct subtraction of backgrounds. This back-
ground subtraction technique, novel in the field, o↵ers re-

T1/2 = 2.34+0.80
−0.46 (stat) +0.30
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FIG. 6. Background-model-dependent 2⌫�� fit. ��-like event
rates in Run-V (top) and Run-VI (bottom) are superimposed
to the best-fit MC, accounting for 40K, 60Co, 208Tl and 214Bi
background contributions.

sults with very small dependence on the Monte Carlo as-
sumptions. A similar approach may be exploited to con-
duct background-model-independent 0⌫�� searches in
current- and future-generation detectors, such as xenon
time projection chambers or loaded liquid scintillator de-
tectors.
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Appendix A: Blob energy fit

This appendix describes the methods and results of
the alternative 2⌫�� analysis where the background-
subtracted distribution of the energy of the less ener-
getic blob in the track (blob energy, in the following)
is fitted instead of the event energy. The event recon-
struction is the same as for our main analysis, while the
selection of Eevt > 1 MeV events di↵ers in two ways.
First, the blob energy cut Eb > Eb,min is not applied.
This provides a larger statistical sample with respect
to the �� selection, but less signal-enriched. Second,
events in the 208Tl double escape peak (1.550 < Eevt

< 1.615 MeV) are rejected, in order to suppress the ir-
reducible double-electron background from gamma-ray
pair production interactions. Prior to their subtraction
and fitting, 136Xe-enriched (Run-V) and 136Xe-depleted
(Run-VI) rates are corrected for di↵erences in DAQ live
time, gas density and selection e�ciencies. The first two
corrections (DAQ live time and gas density) are identi-
cal to the ones applied to our main analysis, with un-
certainties listed in Table I. Because of the two above-
mentioned di↵erences in event selection, the associated
corrections are also di↵erent, with 0.3% (0.4%) uncer-
tainties for Run-V (Run-VI), uncorrelated between the
two runs. Overall, the rate normalization systematic
uncertainty a↵ecting the background-subtracted rate is
0.9%. A calibration procedure is also applied to equalize
the blob energy scale for Run-V, Run-VI and MC sim-
ulated events, separately for single-electron and double-
electron events, using 208Tl calibration data. Four uncor-
related blob energy scale systematic uncertainties are as-
signed, for Run-V single-electron (0.5%), Run-V double-
electron (2.1%), Run-VI single-electron (0.4%), and Run-
VI double-electron (2.1%) events, respectively.
The top panel in Fig. 7 compares the Run-V and Run-

VI rates as a function of blob energy, after applying the
small corrections and calibrations mentioned above. In
both datasets, the rates are dominated by single-electron
background events with Eb ⇡100 keV. The secondary
bumps at 300–550 keV are due to double-electron back-
ground events (Run-V and Run-VI) and to the 2⌫�� sig-
nal (Run-V only). The bottom panel in Fig. 7 shows
the background-subtracted (Run-V minus Run-VI) rate,
superimposed with the best-fit MC prediction. Together
with the 2⌫�� rate parameter, the fit incorporates five
additional nuisance parameters a↵ecting the MC predic-
tions. The nuisance parameters account for the rate nor-
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▪︎ Búsqueda de la desintegración 0νββ del 136Xe en NEXT-White.


‣ Dada la baja exposición, el resultado no es competitivo con los mejores límites actuales, pero demuestra 
las capacidades de búsqueda de la tecnología.
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Figure 16. Background-subtracted ββ fit. Left: background-subtracted data superimposed to
the ββ expectation according to the T 2ν

1/2 reported in [38]. The normalization and background-
subtraction systematics are shown with red and green bands, respectively. Right: background-
subtracted data superimposed to the post-fit 2νββ distribution and the 0νββ signal corresponding
to the obtained upper limit rate at 90% C.L. The vertical dashed lines define a 100 keV region
around Qββ (∼ ±2×FWHM).

in the fit as three nuisance parameters, with a null prior constrained by the corresponding
uncertainties quoted in table 2.

The pre-fit distributions (left) and the fit outcome (right) are shown in figure 16. The
fit yields a χ2/dof of 30.2/30 (p-value=46%). The best-fit value for the 0νββ rate is pushed
to the physical limit of zero. Marginalizing with respect to all other parameters in the fit,
a lower limit for the corresponding half-life of T 0ν

1/2 > 1.3×1024 yr at 90% C.L. is obtained.
The expected median sensitivity at the same C.L. is T 0ν

1/2 > 2.9 × 1023 yr, significantly
below the inferred one. This discrepancy arises from the negative rate observed in the
energy region around Qββ , which deviates from zero (null signal) in ∼2.1σ. According to
MC studies, the probability of obtaining a result that is at least as incompatible with a null
signal as the obtained one is 0.5%. Using the same phase space factor and nuclear matrix
element assumptions as in section 5.1, the obtained half-life lower value translates into an
upper limit for the Majorana neutrino mass of ⟨mββ⟩<0.48–2.07 eV. The fit also yields a
best-fit value for the rate of 2νββ events which corresponds, as expected, to a 2νββ half-
life fully consistent with the one reported in [19] using the same background-subtraction
analysis methodology.

As the obtained 0νββ result is driven by the negative rate observed in the ROI, the
reliability of the background-subtraction technique has been cross-checked by analyzing in
detail the energy region above 2.0MeV, where the 2νββ events are negligible. Regardless of
the chosen energy ranges and binning, the background-subtracted rates in energy windows
below and above the ROI are found to be consistent with zero. In particular, rates of 5±12
yr−1 and 2.6±5.0 yr−1 are obtained for the 2.1 < E < 2.4MeV and 2.5 < E < 2.8MeV
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Figure 15. Energy spectra around the Qββ of 136Xe according to the background-model fit pre-
sented in the text. Run-V (left) and Run-VI (right) data are superimposed to the best-fit back-
ground expectations and the 0νββ signal corresponding to the obtained upper limit rate at 90%
C.L. The vertical dashed lines define a 100 keV region around Qββ . The number of observed and
expected events within this ROI is also displayed.

events. For this best-fit expectation, the probability to observe 0 events is 11.4%. Owing
to the different exposure, the background expectations in Run-VI for 208Tl, cosmogenic
and 214Bi events are 1.0 ± 0.2, 0.8 ± 0.5 and 0.1 ± 0.1, respectively, for a total of 1.9
± 0.5 background events. The corresponding probability to observe 4 or more events is
13.8%. In the absence of a 0νββ signal, a lower limit on T 0ν

1/2 is inferred from the profile
likelihood fit, considering the entire energy spectrum. The inferred lower limit on the 0νββ

half-life is T 0ν
1/2 > 5.5 × 1023 yr at 90% C.L., while the expected median sensitivity is T 0ν

1/2
> 2.9×1023 yr. Relying on the phase space factor of [39] and on the nuclear matrix elements
summarized in [40] (referring to shell model [41–44], QRPA [45–49], EDF theory [50–52]
and IBM [53, 54] calculations), this result corresponds to an upper limit on the Majorana
neutrino mass of ⟨mββ⟩ ≡ |

∑
i U

2
eimi| = 0.74–3.19 eV, being Uei and mi the elements of the

neutrino mixing matrix and the neutrino mass eigenvalues, respectively.
This analysis also provides a cross-check of the 2νββ measurement reported in [19].

The main difference between the two analyses is to explicitly consider the cosmogenic back-
ground contribution in the one described here. As the cosmogenic background contribution
is of little importance compared to the radiogenic background contribution in the 2νββ

energy region of interest, similar results are expected. Indeed, the fit value for the 2νββ

rate is R(136Xe) = 335 ± 75(stat) ± 52(sys) yr−1. The measured rate excludes the null
hypothesis at 4.1 σ, reproducing the median sensitivity found in MC studies. The corre-
sponding 2νββ half-life is T 2ν

1/2 = 2.16+0.62
−0.40(stat)+0.40

−0.29(sys) × 1021 yr, fully consistent with
our measurement [19].

The reduced-χ2 of the fit, χ2/dof=172.3/137 (p-value = 2.2%), points at a statistically
significant deviation between the data and the MC expectations, as was the case for the
radiogenic background fit in section 4.3. However, this poor goodness of fit is not expected
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T0ν
1/2 > 5.5 × 1023 yr

T0ν
1/2 > 1.3 × 1024 yr

Ajuste al modelo de fondo:

Sustracción de fondo:
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NEXT-100

• Demonstrate ~bgr-free conditions at 100 kg scale, 0νββ search, tonne-scale demonstrator. 

• Target background rate of 5×10-4 counts/(keV⋅kg⋅yr) or 1 count/(ROI⋅yr) 
• Status: in advanced construction stage, to be installed at the LSC in late 2022.

13

See poster #143, G. Diaz

  JHEP 05 (2016) 159

See poster #140, K. Mistry

1.2 m

1.1 m

60 PMTS (EP) 
30% COVERAGE

TPC  
100 KG FIDUCIAL MASS 

 15 BAR

LEAD CASTLE 
20 CM THICK

INNER COPPER SHIELDING 
12 CM OF ULTRA-PURE COPPER

3584 SIPMS 
15.55 MM PITCHScales up NEXT-White 2:1 in dimensions  

Last few weeks of construction and assembly 
at the LSC. Commissioning and calibration 
will start in January 2024. 

Goals: 

– Improve energy resolution. 

– Target background rate: 1 count / year. 

– Prepare for the tonne scale.
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15

Pressure Vessel  
100kg fiducial mass @ 

~15bar

Copper Shielding 
Thicker (12cm) ultra-pure copper shielding 

Big machinery for production 

The NEXT-100 detector

INTERIOR OF THE VESSEL AND 
COPPER PLANE

INTERNAL COPPER SHIELDING

PRESSURE VESSEL INSIDE 
LEAD CASTLE



NEXT-100 66

FIELD CAGE BEFORE INSERTION IN 
PRESSURE VESSEL

DETAIL OF THE EL REGION

FIELD CAGE ASSEMBLED
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Helena Almazán 
16

Tracking Plane 
3584 Hamamatsu SiPMs  

1.3x1.3 mm2 - 15.55 mm pitch 
(60% more photons)

Hamamatsu SiPMs: 
easier to mount, 

more robust,  
larger area. 
Better for 

 dynamic range 
 

Coated with TPB 
for better light 

detection

The NEXT-100 detector

Energy Plane 
60 Hamamatsu PMTs 

R11410-10 - Same NEW  
(30% coverage)

Windows are 
coated with PEDOT

PMTs coupled 
to xenon gas 

through 
sapphire 
windows 

welded to a 
radio pure 

copper frame
WINDOWS ARE COATED 

WITH PEDOT
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11

NEXT-100: energy resolution

• energy resolution determined for several energy peaks (511, 583, 727, 
860, 1593, and 2615 keV)

• results consistent with an intrinsic resolution of ~0.5% FWHM
• resolution near Qββ (photopeak of 208Tl), < 1% FWHM

arXiv:2511.02467 
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Figure 2. Left: conceptual design of a tonne-scale NEXT detector installed inside a water tank.
Right: detail of the internal structures of the detector. The active volume, 2.6m in diameter and
height, would hold a mass of 136Xe of approximately 1109 kg at 15 bar.

the light collection efficiency and signal-to-noise ratio required to measure the S1 signal
with similar precision to what has been achieved in NEXT-White. The WLS fibres would
provide as well an energy measurement complementary to that of the dense SiPM arrays.
If needed, the SiPMs’s DCR could be mitigated further with the use of moderately cooled
gas (typically, a temperature drop of 30K results in a reduction of the DCR by about an
order of magnitude). The Collaboration is also exploring other readout technologies, such
as high-speed image intensified cameras for tracking, or SiPMs coupled to metalenses [36].

The symmetric arrangement of the TPC halves the maximum drift length, easing the
requirements on gas purity and high voltage. For example, the detector of 2.6m would
require ∼65 kV at the central cathode to achieve a NEXT standard drift field of 500V cm−1,
a value already within the target specifications of the NEXT-100 high-voltage feedthrough.
The shorter drift length would also reduce the average electron diffusion (proportional to
the square root of the drift length), which impacts track reconstruction. Moreover, no
buffer region would be required to protect sensors and electronics against high voltage
discharges from the cathode, maximizing the isotope used for physics.

The field cage itself is expected to be an extrapolation of the current NEXT-100 design,
which has been developed with scalability to the tonne scale and minimization of material
mass and radioactivity as central concerns. The current design secures the field shaping
rings using high-density polyethylene (HDPE) bars of the same length as the detector
active region. Polytetrafluoroethylene (PTFE) panels are then attached to the HDPE
bars making the light reflector seen in figure 2. These reflectors are ∼ 5 mm thick and
constitute the majority of the mass of the field cage. If the detection of the S1 signal
finally requires it, the panels of wavelength-shifting fibres would be fitted to the PTFE.
The field cage is surrounded by an inner shield of 12 cm of copper that attenuates external
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TOWARDS A FIBER BARREL DETECTOR FOR NEXT-GENERATION HIGH-PRESSURE GASEOUS XENON TPCS 11

Cooled copper ringCoated PTFE panel

Fiber bundles

C
at

ho
de

G
at

e

A
no

de 0

NEXT-100 w/ fiber barrel conceptual sketch

69NEXT-HD

Figure 3. Monte-Carlo simulation of a 0⌫�� decay of 136Xe (top row) and of an electron track of
the same energy (bottom row) in gaseous xenon at 15 bar. Below the so-called critical energy (about
12 MeV in gaseous xenon), electrons lose their energy at a relatively fixed rate until they become
non-relativistic; at about that time, they lose the remainder of their energy in a relatively short
distance, generating a blob. Therefore, the ionization tracks left by 0⌫�� events, consisting of two
electrons emitted from a common vertex, feature blobs at both ends. Single-electron tracks, the main
background in NEXT, only have one blob. In the left column, the tracks are shown as generated
by our simulation, whereas in the right the energy deposits have been binned into 3⇥ 3⇥ 3 mm3

voxels to account for the e↵ect of charge di↵usion in a gas with a low-di↵usion additive.

careful radioassay of all materials used in the construction of the detector. The NEXT

Collaboration has undertaken extensive campaigns for the characterization of all materials

used for the NEXT-White and NEXT-100 detectors [42, 43], primarily employing gamma-

ray spectroscopy with high-purity germanium detectors and inductively coupled plasma

mass spectrometry (ICPMS) at the low-background facilities of LSC and Pacific Northwest

National Laboratory (PNNL). For the purposes of this study, we consider, in addition to

our own measurements, others reported in the literature for similar materials with lower

activity. Table 1 lists the leading contributions to the radioactivity budget of NEXT-1t.
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Figure 6. Left: Normalized energy spectra of all simulated events after each selection cut is applied.
The shaded distributions correspond to the backgrounds events, while the 0⌫�� signal (whose
half-life is assumed to be 1027 yr for illustration purposes) is represented with solid lines. Right:
Track multiplicity for signal (blue bars) and background (green bars) events.

a non-negligible number of signal events reconstructed as having multiple tracks. The

energy of the electrons in signal events is su�cient in many cases to produce bremsstrahlung

photons that can then re-interact in the gas at a su�cient distance from the primary track

to be reconstructed as separate. This mechanism a↵ects both the track multiplicity and

reconstructed energy of signal events. Recovery of these events is not considered here, but

is part of wider studies.

The remaining single-track events are then checked for the two-blob condition. The

end-points of the tracks are identified as the two voxels at greatest distance from each

other along the track. The energy in spheres of radius 15 mm centred at those points is

integrated to give the blob energies. The blob energy is required to exceed a threshold chosen

optimizing the figure of merit "/
p
b, where " is the signal e�ciency and b is the residual

background. Figure 7 shows the blob energy distributions for all signal and background

events generated. The figure of merit indicates a threshold of 400 keV as the optimal for

the lower blob energy.

The subset of selected events is then reduced to those with energies falling in a region

of interest (ROI) around Q�� (between 2454 and 2471 keV) that optimizes the figure of

merit described above ("/
p
b) for this subset of the data. The events remaining in the ROI

are then used to calculate the acceptance factors: the ratio of events in the ROI to the total

simulated events. A set of unique acceptance factors are calculated for each background

source emanating from each detector component.

The acceptance factors are combined with the mass of each material and the expected

radioactive contamination to yield a background index. The mass of each detector component
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▪︎ Experimento multi-módulo con un primer detector 
de 1 tonelada de 136Xe en el Laboratorio Subterráneo 
de Canfranc. 

▪︎ Diseño base: TPC simétrica con cátodo central, 
lectura mediante un plano denso de SiPMs y un 
barril de fibras centelladoras. 

▪︎ Fondo estimado: 0.09–0.27 cuentas / ROI / ton / yr.

NEXT Collaboration, JHEP 2021 (2021) 08, 164



70NEXT-BOLD
▪︎ El desarrollo de un sistema eficiente y escalable de 

identificación de iones de bario en xenón gaseoso 
a alta presión posibilitaría un experimento libre de 
fondos. 

▪︎ NEXT utiliza single-molecule fluorescence 
imaging (SMFI) para detectar el ion Ba²⁺ producido 
en las desintegraciones doble beta. 

NEXT Collaboration, Phys. Rev. Lett. 120 (2018) 13, 132504

Barium Observation Light Detector (NEXT-BOLD)
23

•Predict arrival position of Ba2+ 
with windows of 1 cm/1ms

•Instrument full cathode or 
implement RF carpet

•  Open gate to let Ba2+ pass just 
when it arrives to cathode. Thus 
coincidence between topology, 
energy and Ba2+ signal

•Unambiguous Ba2+ signature 
from color shift, photobleaching 
or both.  

10 bar xenon gas

https://www.nature.com/articles/s41586-020-2431-5

https://arxiv.org/abs/2006.09494

2

rect limits [11], cosmology [12] and neutrino oscillations
[13] dictates that the rate of 0⌫��, assuming the stan-
dard mechanism, will be very low: the next generation of
experiments must probe 0⌫�� lifetimes of � 1027 years.
Observation of such a rare decay requires ton-scale detec-
tors with near-perfect background rejection capabilities.

One candidate 0⌫�� isotope which has been a focus of
much attention is 136Xe. As a noble element, xenon can
be used in time projection chamber (TPC) detectors, en-
abling fully active, monolithic 0⌫�� searches in both gas
[14] and liquid [15] phases. Background measurements in
present-generation detectors at the 10-100 kg scale, how-
ever, suggest that all proposed ton-scale experiments will
remain background limited in their sensitivity. Improved
technologies with enhanced background rejection capa-
bilities will be required in order to make further progress
as well as enhance confidence for a discovery claim.

It has long been recognized that the detection of sin-
gle barium ions emanating from the decay of 136Xe [16],
when combined with a Gaussian energy resolution bet-
ter than 2% FWHM (�/E ⇠ 0.85%) to reject the two-
neutrino-mode background, could enable a background-
free 0⌫�� search. This is because no conventional ra-
dioactive process can produce a barium ion in bulk xenon.
So-called “barium tagging” has been a subject of R&D
for at least 20 years [17–22], but at the time of writing,
a convincing method of barium ion extraction and iden-
tification remains elusive.

Single molecule fluorescence imaging (SMFI) is a tech-
nique invented by physicists and developed by bio-
chemists that enables single-molecule sensitive, super-
resolution microscopy. Among the applications of SMFI
are the sensing of individual ions [23], demonstrated in
various environments, including inside living cells [24].
A fluor is employed that is non-fluorescent in isolation,
but becomes fluorescent upon chelation with a suitable
ion. The molecule typically comprises of a dye bonded
to a receptor that traps the ion in a cage-like structure.
The electrostatic forces exhibited by the ion on the dye
modify its energy levels to enable molecular fluorescence.
Detection is assisted by the inherent stokes shift of the
dye, allowing separation of emission and excitation light
via dichroic filters. Localized light emission from single
molecules can be spatially resolved using electron mul-
tiplying CCD (EM-CCD) cameras, allowing rejection of
backgrounds from scattering and low-level fluorescence
of unchelated molecules, which are di↵use.

The NEXT collaboration [14] is pursuing a program
of R&D to employ SMFI techniques to detect the bar-
ium daughter ion in high pressure xenon gas (HPGXe).
In HPGXe, energy resolutions extrapolating to better
than 1% FWHM at Q�� have been achieved [25], suf-
ficient to e�ciently reject the two-neutrino-mode back-
ground. Barium resulting from double beta decay is ini-
tially highly ionized due to the disruptive departure of
the two energetic electrons from the nucleus [26]. Rapid
capture of electrons from neutral xenon is expected to

reduce this charge state to Ba++, which may then be
further neutralized through electron-ion recombination.
Unlike in liquid xenon, where recombination is frequent
and the barium daughters are distributed across charge
states [27], recombination in the gas phase is minimal
[28], and thus Ba++ is the expected outcome. Further-
more, since the ion energy in high pressure gas is thermal,
and charge exchange with xenon is highly energetically
disfavored, the Ba++ state is expected to persist through
drift to the anode plane. For this reason, and because
barium and calcium are congeners, dyes which have been
developed for Ca++ sensitivity for biochemistry applica-
tions provide a promising path toward barium tagging
in HPGXe. In ref. [29] we explored the properties of
two such dyes, Fluo-3 and Fluo-4. In the presence of
Ba++, excitation at 488 nm yielded strong emission peak-
ing around 525 nm, demonstrating the potential of these
dyes to serve as barium tagging agents.
In this Letter we describe the resolution of individual

Ba++ ions on a scanning surface using an SMFI-based
sensor (Fig. 1), a major step towards barium tagging in
HPGXe TPCs.

FIG. 1. A single Ba++ candidate. A fixed region of the CCD
camera is shown with 0.5 s exposure before (top) and after
(bottom) photo-bleaching transition.

3

FIG. 2. A schematic view of the TIRF system.

APPARATUS

The SMFI sensor concept developed here uses a thin
quartz plate with surface-bound fluorescent indicators,
continuously illuminated with excitation light and moni-
tored by an EM-CCD camera. It is anticipated that such
a sensor would form the basis for a Ba++ detection sys-
tem in HPGXe, with ions delivered to a few ⇠1 mm2

sensing surfaces, first via drift to the cathode and then
transversely by RF-carpet [30], a method already demon-
strated at large scales [31] and for barium transport in
HPGXe [20].

To demonstrate single Ba++ sensitivity we have im-
aged individual near-surface Ba++ ions from dilute bar-
ium salt solutions. We use the technique of through-
objective total internal reflection fluorescence (TIRF) mi-
croscopy [32]. In through-objective TIRF, a high nu-
merical aperture objective is used to convert a focused
light beam on the back-focal plane (BFP) into parallel
rays. By translating the focal point across the BFP, the
emerging parallel rays are brought to a shallow angle, un-
til eventually they totally internally reflect o↵ the lower
sample surface. The evanescent excitation wave, extend-
ing only about one wavelength into the sample, causes
fluorescence of the near-surface molecules while minimiz-
ing deeper fluorescence and scattering from within the
sample. By focusing the objective on the same scanning
surface and imaging the fluorescence light, individual flu-
orescent molecules can be spatially resolved above a dim-
mer, di↵use background.

The apparatus used in this study comprises an Olym-
pus IX-70 inverted fluorescence microscope frame, out-
fitted with a custom external optical system to imple-
ment TIRF imaging. Fig. 2 shows a schematic view of

FIG. 3. A sample image from the EM-CCD in one of the
barium-spiked samples showing both near-surface (bright)
and deeper (dim) fluorescent molecules.

this system. The external optics were assembled follow-
ing the general methods of Ref. [33]. The objective is
an Olympus 100x 1.4 NA, and was used with Olympus
immersion oil (n = 1.518). Low-fluorescence coverslips
of thickness 0.13 mm serve the combined role of sample
substrates and imaging plane. A Hamamatsu ImagEM
X2 EM-CCD camera, chosen for its high quantum e�-
ciency, low noise, and high EM gain, was used to record
the fluorescence emission. The excitation source is an
NKT Photonics SuperK EXTREME laser, which emits
in a wide spectral range of 350-2350 nm. The laser light
is filtered to a tunable band of width ± 1 nm in the vis-
ible range via an acousto-optical tunable filter (AOTF).
The beam is then expanded, cleaned, and steered via an
array of adjustable mirrors through a lens that focuses it
onto the objective BFP. Emission and excitation light are
separated by a filter cube containing the dichroic mirror
and the emission and excitation filters described in [29].
Micrometer stages in the external optical system allow
for focusing on the BFP and adjustment of the TIRF ray
angle, and the image is brought into focus using sample
stage adjustment on the microscope frame.

SAMPLE PREPARATION AND IMAGING

The studies presented in this Letter use fluorophores
that are immobilized at the sensor surface. This emulates
the conditions in a HPGXe TPC detector, where the ions
will drift to the sensor plate and adhere to fluorophores
immobilized there. The purpose of this immobilization
is to suppress Brownian motion of non-tethered fluo-
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5

• NEXT with barium tagging would provide a dramatic sensitivity 
improvement through combination of signal efficiency increase 
and background reductions

NEXT with barium tagging

(assuming high efficiency barium tag can be achieved)
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Neutrinoless double beta decay searches are the most promising way to establish that neutrinos are 
Majorana particles. 

The current generation of experiments is exploring the degenerate region of neutrino masses. Going 
forward, double beta decay experiments will require exposures well above 103 kg yr and background 
rates below 1 counts tonne–1 yr–1. 

NEXT has proven that a GXe TPC can provide both high energy resolution and tracking for event 
identification. NEXT-100 will probably be the most sensitive experiment using 136Xe, according to the 
background rate measured in NEXT-White.  

There’s a clear path to improve NEXT towards the ton scale: reach energy resolutions close to the 
intrinsic limit (<0.5% FWHM) and improve the rejecting power of the tracking signature. 

R&D on chemical tagging of Ba ions undergoing, with very promising results so far.


